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RESUME

Dans le contexte des changements climatiques, les reconstructions plurimillénaires sont fondamentales a
notre compréhension de la variabilité des processus écosystémiques tels que les épidémies d'insectes et les
feux de forét. Les reconstitutions couvrant I'Holocéne nous permettent d'observer comment ces
perturbations naturelles se sont comportées et ont interagi au cours de différentes phases climatiques et ont
le potentiel de fournir un cadre pour la gestion durable des foréts. Cependant, pour que notre compréhension
a de vastes échelles temporelles soit robuste et précise, nous devons utiliser des proxys adéquats qui ont été
validés et calibrés. J'utilise la forét boréale mixte de I'est du Canada comme systéme modéle pour valider et
calibrer I'utilisation d'un nouveau paléo-proxy, les écailles de papillon, afin de détecter les épidémies de
tordeuse des bourgeons de 1'épinette dans 1’histoire récente et ensuite de reconstruire les événements liés a
la tordeuse et aux feux de forét au cours de I'Holocéne. J'ai démontré que les accumulations d'écailles de
papillon dans les sédiments de surface des lacs sont capables de détecter les épidémies locales de la tordeuse,
car elles concordent bien avec les relevés aériens effectués a la fin du XXe siecle (1967-1986; 2010-présent) .
En utilisant les mémes carottes de sédiments de surface, j'ai ensuite évalué si les accumulations d'écailles
de papillon interpolées annuellement et les cernes de croissance détectaient aussi bien les impacts locaux de
la tordeuse des bourgeons de 1'épinette, et si ces impacts enregistrés étaient synchrones. J'ai démontré que
chaque proxy identifiait individuellement les impacts locaux de la tordeuse, coincidant avec les intervalles
des épidémies connues, et que, comparées l'une a l'autre, les deux approximations détectaient des
périodicités d'épidémies similaires. De plus, j'ai démontré que les signaux enregistrés par les proxys étaient
relativement synchrones. La relation entre les deux proxys suggére que les grandes accumulations d'écailles
se traduisent par un plus grand pourcentage d'arbres affectés dans un peuplement, et par des cernes plus
étroits. La validation et I'étalonnage de ce nouvel indicateur ont donc fourni une base plus solide et précise
pour interpréter les accumulations d’écailles a des échelles de temps plurimillénaires. Enfin, j'ai reconstitué
les événements li¢s a la tordeuse des bourgeons de l'épinette et aux feux de forét dans la forét boréale mixte
au lac Buire tout au long de I'Holocéne. J’ai observé une corrélation négative entre la fréquence des
épidémies de la tordeuse et des feux de forét pendant la majeure partie de I'Holocene, ce qui suggere une
interaction liée aux échelles millénaire et locale/extra-locale, ou une perturbation inhibe la présence de
l'autre. Aussi, la fréquence des perturbations a oscillé au cours de 1'Holoceéne suite a I'établissement
postglaciaire du sapin baumier, et que la perturbation dominante semblait étre déterminé par des événements
de changements climatique rapides et significatifs. Cette étude a permis de mieux comprendre la variabilité
a long terme des principales perturbations de la forét boréale mixte et leurs interactions. Les résultats de
cette thése contribuent a I’ensemble des connaissances sur 1’écologie foresticre et les interactions entre les
perturbations et donnent un apergu de cadres potentiels qui pourraient étre utilisés dans la gestion durable
des foréts.

Mots clés : Choristoneura fumiferana, feux, écailles de papillon, interactions entre perturbations,
I’Holocéne, forét boréale mixte
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ABSTRACT

Within the context of a changing climate, multi-millennial reconstructions are fundamental to our
understanding of the range of variability in key ecosystem processes such as insect outbreaks and wildfires.
Reconstructions spanning the Holocene allow us to observe how natural disturbances have behaved, and
interacted in different climate phases and may provide a sustainable forest management framework going
forward. However, for our understanding at vast temporal scales to be robust and accurate, we require the
use of adequate proxies that have been validated and calibrated. I use the eastern Canadian mixed boreal
forest as a model system to validate, and calibrate the use of a novel paleo-proxy, lepidopteran scales, to
detect spruce budworm outbreaks in recent history, and then reconstruct spruce budworm, and wildfire
events over the course of the Holocene. I demonstrated that lepidopteran scale accumulations in lake surface
sediment are able to detect local spruce budworm outbreaks as these achieved high agreement with aerial
surveys conducted in the late 20" century (1967-1986; 2010-present). Using the same surface sediment
cores, | then assessed whether annually interpolated lepidopteran scale accumulations and tree-ring records
both detected local spruce budworm impacts, and if the recorded impacts were synchronous. I demonstrated
that each proxy individually identified local spruce budworm impacts at a periodicity of approximately 16
to 32 years coinciding with known outbreak return intervals, and that, when compared to each other, both
proxies detected similar outbreak periodicities. Further, I demonstrated that the proxy record signals were
relatively synchronous, and that the relationship between the two records suggests that large lepidopteran
scale accumulations translate to a greater percentage of affected trees in a stand, and to greater recorded
growth suppression i.e., narrower ring-widths. The validation and calibration of this novel proxy therefore
provided a more robust and accurate foundation to interpret lepidopteran scale accumulations at multi-
millennial time scales. Finally, I reconstructed spruce budworm and wildfire events in the mixed boreal
forest at lake Buire throughout the Holocene. The frequency of spruce budworm and wildfire events
exhibited a negative correlation for the majority of the Holocene suggesting a linked interaction at the
millennial and local/extra-local scales where one disturbance inhibits the presence of the other. Further,
disturbance event frequencies oscillated during the Holocene following the postglacial establishment of
balsam fir, and the switch in the dominant disturbance tended to coincide with rapid significant climate
change events. The present study advanced our understanding of the long-term range of variability of the
main disturbances of the mixed boreal and their interactions. The results of this thesis contribute to the body
of knowledge of forest ecology, and disturbance interactions and provide insight into potential frameworks
that could be utilized in sustainable forest management.

Keywords : Choristoneura fumiferana, wildfire, lepidopteran scales, disturbance interactions, Holocene,
mixed boreal forest
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CHAPTER 1
GENERAL INTRODUCTION

1.1  Climate change and disturbances

Climate is expected to become more variable (Easterling et al., 2000), and this increased variability is
expected to lead to increased tree stress (Allen et al., 2010, 2015) along with more prevalent severe forest
disturbances (Millar and Stephenson, 2015). Fire seasons are expected to become longer with the advent of
warmer and drier conditions (Westerling et al., 2006, 2011; Flannigan et al., 2009, 2013). Further, warm,
dry conditions will facilitate ignition and rate of spread as more fuel will be available to burn, likely leading
to more frequent events, and events of greater intensity and/or severity (Woolford et al., 2014; Jolly et al.,
2015; Wotton et al., 2010, 2017; Flannigan et al., 2009, 2013). Meanwhile for biotic forest disturbances
such as insects, increased tree stress will likely exacerbate mortality resulting from outbreaks (e.g.,
Anderegg et al., 2015; De Grandpré et al., 2019). Additionally, the direct effects of warmer temperatures
are expected to favour insect development, and survival (Ayres and Lombardo, 2000; Bale et al., 2002;
Carroll et al., 2004; Berg et al., 2006; Bentz et al., 2010); it follows that outbreaks are therefore expected to
be more severe due to larger populations (e.g., Ayres and Lombardo, 2000; Murdock et al., 2013; Weed et
al., 2013). Further, due to their relatively short lifespan and generation time, insects are likely able to closely
track climatic change (Parmesan, 2006) manifesting as distributional shifts to higher elevations and/or more
northerly latitudes (Jepsen et al., 2008, 2011; Parmesan, 2006; Tai and Carroll, 2022), or move into
historically novel habitats (e.g., Carroll et al., 2004) along with feed on historically novel host-trees (e.g.,
Cudmore et al., 2010; Cullingham et al., 2011; Erbilgin et al., 2014; Rosenberger et al., 2017). Similarly,
with warmer temperatures, previously ‘protected’ hosts that exhibited phenological asynchrony may now
face increased vulnerability to infestation (Régniére et al., 2012; Pureswaran et al., 2015, 2019). As such,
variable climate appears to favour more ‘mega-disturbances’ (Millar and Stephenson, 2015; Allen et al.,
2015; McDowell et al., 2020), and the future of the forested landscape appears quite bleak based on these
predictions. However, it is important to consider a millennial or multi-millennial perspective, as past
changes in climate and corresponding disturbance regime variability may elucidate how these regimes will

behave given the current climate change context.



1.2 Climate variability during the Holocene

Climate did in fact vary over the course of the Holocene, a geological epoch lasting from around 11,700 BP
(before present referring to the year 1950) to the present (just after the preindustrial era) that can be divided
into 3 major climate periods (Wanner et al., 2008, 2011, 2015; Renssen et al., 2009; Walker et al., 2012;
Shuman and Marsicek, 2016). The first period is known as the Early Holocene (EH) lasting from roughly
11,700-7000 BP and is believed to have started out quite cool but experienced very rapid warming early on
followed by a slower rate of warming that culminated in the next period known as the Holocene Thermal
Maximum (HTM; Wanner et al., 2015; Gajewski, 2015; Zhang et al., 2016, 2017; Neil and Gajewski, 2018).
During the EH temperature has been modelled to have experienced a warming of 5°C in northern Canada
relative to recording a warming of 1-2°C using pollen reconstructions (Gajewski, 2015; Zhang et al., 2017).
The HTM, lasting from approximately 7000 BP-4200 BP, is described as a period of warm and relatively
stable temperatures although cool incursions did occur (Mayewski et al., 2004). In Eastern North America,
the HTM was slightly delayed due to the melting of the Laurentian Ice Sheet (Renssen et al., 2009, 2012;
Marcott et al., 2013; Zhang et al., 2016, 2017), however, was quickly followed by postglacial vegetation
recolonization (Blarquez and Aleman, 2016). Finally, the Holocene ends with the Neoglacial, a period
generally described by a cooling trend associated with glacier advances (Wanner et al., 2008, 2011; Mann
et al., 2009; Gajewski, 2015; Neil and Gajewski, 2018) despite this trend being recently contested (Marsicek
et al., 2018). Within this general cooling, smaller climatic events have been identified (e.g., Mann et al.,
2009). The first event is the Medieval Climate Anomaly (MCA) which occurred around 1000-700BP and
was a short warm period with temperatures in North America exceeding the baseline period of 1961-1990
(Mann et al., 2009). The unusually warm event was shortly followed by a cold lapse known as the Little Ice
Age (LIA) occurring from roughly 550-250 BP where temperatures were 0.24°C cooler relative to the MCA
(Mann et al., 2009). The Neoglacial ends with the preindustrial era, a period that has experienced rapid
warming (Wanner et al., 2011, 2015; Walker et al., 2012; Renssen et al., 2012).

1.3 Characterizing forest resilience using multiple proxies, and its implication for sustainable forest
management

Adopting a long-term multi-millennial perspective will be key to understanding disturbance variability and,

subsequently, successful forest management. The long-term perspective, using the different climate periods

of the Holocene as a reference, would allow to observe the effects of these periods on disturbance

characteristics such as frequency and severity (e.g., Ali et al., 2009, 2012; Blarquez et al., 2015; Navarro et

al., 2018b). Additionally, the long-term perspective has the potential of revealing the range of change the



ecosystem can tolerate (i.e., resilience; Holling, 1973), along with potentially identifying tipping point
conditions (e.g. Scheffer et al., 2001, 2003; Scheffer and Carpenter, 2003; Scheffer et al., 2012). More
importantly the observed changes in variance that may occur during the different climate periods may
provide a framework for sustainable forest management (e.g., Hennebelle et al., 2018) in an effort to best
emulate the effects of the disturbance in question on forest ecosystems and encourage resilience. Although
the information obtained from long-term multi-millennial reconstructions are too coarse in space and time
to directly translate to stand-level management decisions such as silvicultural prescriptions (Swetnam et al.,
1999; Keane et al., 2009), the range of historic variability of the ecosystem along with how landscape
composition and structure have changed over time can be inferred (Landres et al., 1999). Describing the
range of spatiotemporal variability in disturbance characteristics, such as frequency and/or severity, helps
define the limits of an ecosystem, gain a better idea of historic landscape compositions and structures
resulting from changes in climate, disturbance regimes, or both, and may identify the possible processes or
successional pathways that brought an ecosystem to it’s current state (Landres et al., 1999; Swetnam et al.,
1999). Considering trade-offs between forest resilience and management objectives (e.g., Leclerc et al.,
2021), the state of the forest may need to change and transform as a return to initial conditions may be

maladaptive given the climatic context and defined objectives (Buma and Schultz, 2020).

In addition to adopting a long-term perspective to define disturbance regime variability, the use of multiple
lines of evidence will play a major role in accurately identifying observed changes. Using multiple lines of
evidence in the forms of different proxies allows for more accurate and interpretable disturbance regime
reconstructions (e.g. Higuera et al., 2005; Higuera et al., 2011; Waito et al., 2018). As no proxy is a perfect
recorder, different proxies have different advantages and drawbacks in terms of their spatiotemporal
resolution, and so using a combination can provide a more accurate and robust understanding of the system

or process under study.

An example of a proxy of insect presence that can have a relatively fine spatial and temporal resolution,
while being able to cover large extents is remote sensing. In the form of satellites and aerial surveys, remote
sensing can offer high spatial coverage and can, if desired, maintain relatively high spatial resolution (e.g.
LiDAR vs. Landsat images; Zald et al., 2014; Senf et al., 2017; Zhang et al., 2022), and may maintain high

temporal resolution ie. annual or seasonal changes (e.g., Khare et al., 2019) or assess long-term changes



using change detection (e.g., Cohen et al., 2010). This proxy’s major constraint is that it is a relatively recent
technology and so the temporal coverage is limited to the last 50 years or so. Further, satellites may not
directly identify the damaging disturbance agent (i.e., burn vs. defoliation) since they assess resulting
changes in reflectance of various wavelengths such as short-wave infrared, near infrared, and visible light
(e.g., Leckie et al., 1988; Rullan-Silva et al., 2013), although the causative agent may be surmised based on
ancillary data and information (Senf et al., 2017; Thapa et al., 2022; Stahl et al., 2023). For example,
detecting defoliation using remote sensing is still difficult due to the subtle nature of the spectral change
(Senf et al., 2017; Zhang et al., 2022; Thapa et al., 2022). Similarly, aerial surveys that visually map out
defoliation can determine the spatial extent of the damage by assessing crown condition however, the
causative agent is usually inferred based on the environmental context (i.e., species affected and/or time of

year damage is observed, location, and, duration) and/or can fortunately be confirmed via field data.

Tree rings are another proxy that have high spatial and temporal resolution, and can cover time periods of
about 300-400 years (e.g., Boulanger and Arseneault, 2004; Boulanger et al., 2012), although more recent
work with subfossil trees may allow for millennial reconstructions (e.g. Simard et al. 2006, 2011; Gennaretti
et al., 2014a,b). Very high temporal precision can be obtained with the annual formation of tree-rings. For
example, fire seasonality can be gleaned based on the location of fire scars in the early- or latewood (e.g.,
Heyerdahl et al., 2001; Stephens et al., 2018; Rother et al., 2018). Further, fire severity can be inferred based
on the presence/absence of fire scars and/or cohort establishment (e.g., Heyerdahl et al., 2001, 2007;
Marcoux et al., 2013, 2015; Chavardes and Daniels, 2016). Even the spatial extent of burns can also be
inferred from fire scars (Greene and Daniels, 2017). Tree-rings have also been a common proxy used to
reconstruct spruce budworm (Choristoneura fumiferana Clem.) outbreak occurrence and even infer
defoliation intensity (e.g., Blais, 1957, 1958, 1983; Morin and Laprise, 1990; Morin, 1994; Boulanger and
Arseneault, 2004; Boulanger et al., 2012). Unfortunately, tree-rings are an indirect proxy and work from the
assumption that growth reductions and their magnitude are due to a reduction in a tree’s photosynthetic
capacity caused by spruce budworm defoliation and not for some other reason (Ericsson et al., 1980;
Swetnam et al., 1985). Interpretation, therefore typically involves a correction of some sort using a non-host
species (Swetnam et al., 1985), and an awareness that there is a lag between the actual year of defoliation
and when the tree records defoliation (Krause and Morin, 1995; Krause et al., 2012) as stored energy
reserves will first be depleted in the tree before displaying signs of defoliation in its rings (Ericsson et al.,

1980; Deslauriers et al., 2015).



In addition to the lag between the actual year of defoliation and that recorded by the tree, the ability to record
defoliation events may even vary among tree species (e.g., Blais, 1957, 1962; Bouchard and Pothier, 2010).
For example, white spruce [Picea glauca (Moench) Voss] is typically used in spruce budworm outbreak
reconstructions because it is relative long-lived species, and is sensitive to spruce budworm defoliation
(Bouchard et al., 2006; Bouchard and Pothier, 2010). Black spruce [Picea mariana (Mill.) Britton, Sterns
& Poggenburg] has also been used in spruce budworm outbreak reconstructions (e.g., Tremblay et al., 2011;
Krause et al., 2012), however due to its historical phenological asynchrony may have been less affected by
defoliation (Nealis and Régniere, 2004), and likely a poorer recorder of defoliation events (Blais, 1957,
1962). Further, within a site and a species, individual tree reactions may vary potentially influencing a tree’s
ability to withstand and therefore record defoliation (e.g., Mageroy et al., 2014; Méndez-Espinoza et al.,
2018).

Finally, tree-ring reconstructions work with surviving trees which may influence or bias the reconstruction
and subsequent interpretation. The trees that are sampled are individuals that have survived previous
outbreaks and as such the observed growth suppression may not reflect the true effects of the defoliation
and subsequent tree mortality (Jardon et al., 2003; Bouchard et al., 2006; Pothier et al., 2012). Further, age
of surviving trees can also influence their ability to record spruce budworm defoliation. Younger trees tend
to experience less defoliation and be less affected by defoliation relative to more mature trees (MacLean,
1980, 1984; Krause et al. 2003), and even location in the canopy may influence experienced defoliation
(Reams et al., 1988; Lavoie et al., 2019). This suggests that selection of individual trees becomes particularly
important when constructing a tree-ring chronology. In addition to selecting the ‘best’ individuals, site
history also becomes an important factor in determining which individuals are left onsite. For example, past
fires and harvesting activities may alter species composition, and/or age distributions, potentially negatively

affecting the ability to obtain an accurate spruce budworm reconstruction from a tree-ring chronology.

In contrast to tree-rings, lake sediment has a coarser spatial and temporal resolution, but has the advantage
of covering thousands of years to view long-term patterns. From changes in the accumulation of paleo-

proxies in lake sediment long-term changes in vegetation response to climate can be inferred (e.g., Richard,



1979; Richard et al., 1982; Richard, 1993, 1995), in addition to changes in disturbance regimes (e.g., Ali et
al., 2009, 2012; Blarquez et al., 2015). The major advantage of paleo-proxies is their ability to reconstruct
patterns, based on their changing accumulations, that may only be discernable over long periods of time.
Thus, the fluctuation in paleo-proxy accumulation in response to slow changing variables such as climate
provide insight into past variation and potential analogs to future conditions. However, as with the other
mentioned proxies, use of paleo-proxies also requires careful interpretation. For example, sedimentary
charcoal is presumed to be a direct proxy of a fire when reconstructing wildfire events at multi-millennial
scales (e.g., Millspaugh and Whitlock, 1995; Clark et al., 1996; Long et al., 1998; Power et al., 2008;
Whitlock et al., 2008). However, the presence of sedimentary charcoal does not necessarily imply fire
occurrence around the lake as one must also consider the size of the charcoal particles. Small particles are
believed to reflect ‘background’ accumulation coming from distant fires, reflecting regional burning,
meanwhile large particles are presumed to result from local fires (Clark and Royall, 1995, 1996; Clark et
al., 1998; Aleman et al., 2013).

Charcoal particles size, for the most part, is likely able to discriminate between local/extra-local and distant
events, however, deposition and incorporation of charcoal is also very dependent on the weather conditions
during the fire event (Oris et al., 2014). Similarly, larval head capsules and feces have been used to
reconstruct large spruce budworm population events (Simard et al., 2002, 2006). However, interpretation of
these proxies has been somewhat tricky suggesting that these proxies may not be reliable indicators of spruce
budworm presence. Larval head capsules are well preserved but are not abundant along the sediment core
profile (Simard et al., 2002) raising the question: does the absence of larval head capsules truly indicate an
absence of the spruce budworm in the area? Conversely, feces produced by feeding spruce budworm larva
are an abundant proxy, but these may degrade or decompose over time and therefore may not be found along
the entire sediment core profile (Simard et al., 2002). Again, especially at greater depths, lack of feces may
be due to absence of spruce budworm or may be the result of decomposition (Simard et al., 2002). As such,
the vast temporal coverage offered by paleo-proxies to develop multi-millennial disturbance regime

reconstructions must be coupled with careful interpretation.



1.4  The boreal forest and its main disturbances

The boreal zone is found across the Northern Hemisphere, covering large portions of Eurasia and North
America consisting of wetland, open woodland, and closed forest ecosystems (Brandt et al., 2013; Price et
al., 2013). Ecologically, the boreal zone and its ecosystems play a crucial role in nutrient cycling (Bhatti et
al., 2000; Bonan, 2008; Kurz et al., 2013; Laroque et al., 2014), while its closed forest ecosystems are
particularly important to the forest industry in terms of providing timber products and jobs (Brandt et al.,
2013; Lempriere et al., 2013). The closed forest ecosystems are comprised of boreal black spruce forests
generally made of pure stands of black spruce, and mixed boreal forests consisting of both deciduous and
coniferous species (Bergeron, 2000; Brandt, 2009; Saucier et al., 2009). In North America, and more
specifically in Québec, the mixed boreal forests are generally located between the black spruce forests to
the north and the deciduous forests to the south (Bergeron, 2000; Brandt, 2009; Saucier et al., 2009). Acting
somewhat as a transition zone between the deciduous and black spruce forests, the mixed boreal forest is
home to a variety of deciduous and coniferous species such as trembling aspen [Populus tremuloides
Michx.], paper [Betula papyrifera Marshall] and yellow [Betula alleghaniensis Briit.] birches, balsam fir
[Abies balsamea (L.) Mill], and white and black spruces (Bergeron, 2000; Brandt, 2009; Saucier et al., 2009).
This relatively diverse forest experiences fairly complex regeneration patterns as disturbances leading to
mortality and subsequent canopy gaps are variable due to heterogeneous species distributions and seed

sources (Kneeshaw and Bergeron, 1996, 1998, 1999; Bergeron, 2000; Couillard et al., 2021).

The 2 main disturbances in the mixed boreal forest include the spruce budworm and wildfire. The spruce
budworm is a native lepidopteran defoliator whose univoltine lifecycle consists of 6 larval, a pupal, and
finally an adult moth stage (Royama, 1984; Royama et al., 2005, 2017; MacLean, 2016; Nealis, 2016). As
a larva, the spruce budworm preferentially feeds on the current year’s needles, and buds of balsam fir, while
also consuming older foliage when necessary (Piene 1989), and feeding on white, black, and red spruce as
secondary hosts (Hennigar et al., 2008). Three to four years of severe defoliation on balsam fir by the larvae
often results in host-tree mortality (MacLean, 1980, 1984). Defoliation on the secondary hosts varies in
severity with greater phenological synchrony in the case of white spruce resulting in greater severity, or lack
of phenological synchrony in the case of black spruce resulting in less severe defoliation (Fuentealba et al.,
2017; Pureswaran et al., 2018). Following feeding by the larvae, and formation of the pupa, adult moths
emerge whereupon they are able to reproduce and disperse (Greenbank et al., 1980; Boulanger et al., 2017,
Rhainds et al., 2021). The spruce budworm has historically exhibited widespread episodic outbreaks

occurring every 30-40 years over the eastern Canadian boreal landscape in the 20" century (Blais, 1968,



1983, 1985a,b; Boulanger and Arseneault, 2004; Morin and Laprise, 1990; Morin, 1994; Boulanger et al.,
2012). These outbreaks have varied in extent, severity, and duration (Candau et al., 1998; Gray et al., 2000;
Jardon et al., 2003; Gray, 2008). Key to experiencing any outbreak is the presence of abundant host-trees at
the stand and landscape scales (Su et al., 1996; Campbell et al., 2008; Colford-Gilks et al., 2012). Host-tree
presence also creates the potential for the establishment of a positive feedback loop where defoliation by
the budworm favours the regeneration and establishment of balsam fir in the canopy which then results in
conditions prone to future outbreaks (Baskerville, 1975; Morin, 1994). Climatic conditions for this
disturbance are likely to modulate severity and intensity of events by influencing insect survival and
development (Ayres and Lombardo, 2000), and/or host-tree susceptibility (e.g., Anderegg et al., 2015; De
Grandpré et al., 2019).

Wildfire is the other major disturbance in the mixed boreal forest (Johnson et al., 1998). As an abiotic
disturbance, wildfire is dependent on physical conditions influencing ignition probability, and subsequent
fire behaviour (Wotton et al., 2010; Macias Fauria et al., 2010; Woolford et al., 2014; Molinari et al., 2018).
Climate and weather, in the forms of temperature, relative humidity, and precipitation are key influencers
in an ecosystem’s wildfire regime (Macias Fauria and Johnson, 2008; Macias Fauria et al., 2010). Over
short time intervals, weather will affect fuel dryness and therefore fuel availability ultimately determining
the probability of ignition, and subsequent fire spread (Van Wagner, 1967; Rothermel, 1983). Following
ignition, wind will play a major role in dictating the extent of a fire and its rate of spread (Van Wagner,
1967; Rothermel, 1983). Although available fuel is determined by weather or climate, the horizontal and
vertical distribution (i.e., the contiguity) of this fuel will greatly affect fire severity (Fulé et al., 1997; Falk
et al., 2007). The presence of surface and ladder fuels can increase fire intensity facilitating the ground to
crown transition (e.g., Byrom, 1959; Van Wagner, 1977), and relatively continuous crown cover can lead
to high severity active crown fires as opposed to passive crown fires (i.e., torching; Cruz, 1999; Cruz et al.,
2003, 2004, 2005). Over long time intervals, the climate of an area will directly act on wildfire via fire
weather and indirectly influence vegetation composition, abundance and subsequent fuel structure and
availability (Keeley et al., 2011; Littell et al., 2016; He and Lamont, 2018), which combined will dictate
fire behaviour and the resulting wildfire regime (Blarquez et al., 2015; Dantas et al., 2016; Harrison et al.,
2021). Such an interaction can result in a positive feedback loop, where burning of vegetation favours
regeneration of particular fire-tolerant species, and the presence of such species can favour the occurrence

of wildfire (Keeley et al., 2011; Rogers et al., 2015; Pausas, 2015; Lamont et al., 2020).



1.5 Disturbance interactions

At the stand and landscape scales disturbance agents interact with one another through forest legacies i.e.,
changes in forest structure and composition (Buma, 2015; Kleinman et al., 2019; Burton et al., 2020).
Generally, disturbance interactions can be described as linked or compound (Simard et al., 2011; Buma,
2015). A linked disturbance interaction occurs when a preceding disturbance alters forest structure and/or
composition in a way that influences the probability of occurrence, severity, intensity, extent, and/or
frequency of a subsequent disturbance (Simard et al., 2011; Kleinman et al., 2019; Burton et al., 2020).
Examples include the effects of defoliation on fire or vice versa, or the effects of bark beetle outbreaks on
fuel distribution and load affecting fire behaviour (e.g., Hicke et al., 2012; Lynch and Moorcroft et al., 2008;
Cohn et al., 2014; Meigs et al., 2011, 2015, 2016). A compound disturbance results from two disturbances
occurring simultaneously or in quick succession where the sum of their effects is greater than the individual
parts potentially yielding ecological surprises (Paine et al., 1998; Simard et al., 2011; Kleinman et al., 2019;
Burton et al., 2020). Consider, for example, the tree mortality resulting from co-occurring drought and
defoliation events compared to the sum of the mortality from only drought, and then only defoliation (e.g.,
De Grandpré et al., 2019), or similarly the mortality from co-occurring drought and bark beetle outbreaks

(e.g., Hart et al., 2014, 2017).

The interaction between the major disturbances in the mixed boreal is nuanced and appears to depend on
the temporal scale at which the interaction is assessed. Within about 10 years or less (short time scales),
there appears to be a positive association between spruce budworm defoliation and fire occurrence
particularly in host dominated stands (Fleming et al., 2002; James et al., 2017; Candau et al., 2018). The
changes in the vertical fuel structure resulting from stand degradation following spruce budworm outbreaks
result in increased contiguity and fuel hazard (Watt et al., 2018, 2020), and appear to be linked to the
occurrence of more severe active crown fires (Stocks, 1987). However, over 10-100 years or at millennial
and multi-millennial time scales there appears to be a negative association between the spruce budworm
and wildfires where one disturbance inhibits the other (Sturtevant et al., 2012; Navarro et al., 2018b).
Although the association between spruce budworm outbreaks and wildfires may vary over time, the fact
that each disturbance appears to alter forest structure and/or composition in a way that affects probability of

occurrence, frequency, severity, intensity, and/or extent suggests a linked interaction (Simard et al., 2011),



although this association has not yet been quantified in the mixed boreal forest at multi-millennial time

scales.

1.6  Current state of knowledge and major contributions of this thesis

There is limited data on spruce budworm and wildfire dynamics in the mixed boreal forest at millennial and
multi-millennial time-scales. For the most part, spruce budworm outbreak dynamics have been
reconstructed with tree-rings via dendrochronological techniques. Although dendrochronology provides
high spatiotemporal resolution, reconstructions have generally been limited to the past 300 to 400 years
(Morin, 1994; Bergeron, 2000; Boulanger and Arseneault, 2004; Jardon et al., 2003; Bergeron et al., 2004;
Boulanger et al., 2012), although the temporal coverage can be extended using subfossil trees (Simard et al.,
20006). Historically, millennial and multi-millennial spruce budworm outbreak reconstructions have been
done using larval head capsules (e.g., Jasinski and Payette, 2005; Lavoie et al., 2009), and in some cases
using spruce budworm feces in combination with head capsules (Simard et al., 2002). Most recently through
the use of a novel paleo-proxy, lepidopteran scales, a spruce budworm outbreak reconstruction was
completed in the boreal black spruce forest (Navarro et al., 2018b). However, the interpretation of this novel
paleo-proxy remains somewhat dubious as its use has not yet been validated or calibrated. Similarly,
understanding multi-millennial wildfire dynamics in the mixed boreal forest is also limited (e.g., Jasinski
and Payette, 2005; Lavoie et al., 2009; Colpron-Tremblay and Lavoie, 2010; Blarquez et al., 2015). Studies
have mainly been done in high altitude forests or at high latitudes using soil charcoal (Couillard et al., 2012,
2013, 2021; Frégeau et al., 2015). Finally, until very recently, the interaction between the two disturbances

at such vast temporal scales had not been described (e.g., Navarro et al., 2018b).

Given the current context of climate change and the potential for past climate variability to serve as starting
points to develop appropriate silvicultural systems, the importance of understanding past disturbance regime
variability cannot be understated. Both disturbances and climate play important roles in shaping ecosystems,
and assessing disturbance behaviours over the course of different past climate phases has the potential of
revealing how disturbances may react to current and perhaps future climate change. Silvicultural practices
may be developed to best emulate disturbance regimes with the potential of meeting multiple objectives,
such as maintain or increase biodiversity and maintain multiple ecosystem services (e.g., North and Keeton,

2008; Long 2009; Aszalos et al., 2022), but in order to do so forest managers will have to consider the long-
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term variability in regime characteristics, not just mean frequency or mean severity (Bergeron et al., 2002;
Hennebelle et al., 2018). Further, in order to maintain landscape and ecosystem resilience forest stewards
will have to consider using multiple silvicultural techniques in conjunction with past disturbance variability

(Bergeron et al., 2002).

Therefore, in an effort to gain a better understanding of past disturbance regime variability in the mixed
boreal forest at millennial and multi-millennial time scales the goal (and corresponding hypotheses) of this

doctoral thesis is threefold:

Objective 1: Validate the use of lepidopteran scales as a paleo-proxy by comparing their accumulation

in lake sediments with aerial surveys during known documented outbreak periods

Lepidopteran scales are a novel microfossil paleo-proxy (Navarro et al., 2018a), that have been previously
used to reconstruct large spruce budworm population events in the black spruce boreal forest (Navarro et
al., 2018b). This proxy is particularly promising since the scales are abundant chitin containing structures
that are well preserved in anaerobic environments such as lake sediments (Richards, 1947; Navarro et al.
2018a). Therefore, this proxy is more likely to be found over an entire sediment profile relative to other
macrofossils (e.g. Simard et al., 2002, 2006), and an absence or a low accumulation of scales would likely
suggest a small or endemic population. However, the use of this novel paleo-proxy has not been validated
with modern spruce budworm proxies. The first objective of this dissertation is to determine whether
lepidopteran scales are able to identify large spruce budworm populations events relative to those observed
and recorded by aerial surveys, a modern proxy. If lepidopteran scales are an accurate measure of spruce
budworm populations around a lake then large scale accumulations should coincide with known outbreak
periods identified by aerial surveys because both proxies should identify the presence/absence of the
defoliator. Lepidopteran scales are assumed to be a direct measure of the number of spruce budworm adult
moths found around a lake, and so large scale accumulations should reflect a large number of moths while

the aerial surveys, an indirect proxy of spruce budworm populations sizes but a direct measure of defoliation

11



and/or mortality, quantify the amount of stand-level defoliation caused by the insect, where greater

defoliation should also correspond with larger spruce budworm populations.

Objective 2: Calibrate the use of lepidopteran scales against tree-rings, a known and commonly used
proxy to reconstruct spruce budworm outbreaks, allowing for better interpretation of scale

accumulations i.e., does a greater accumulation of scales reflect a more severe outbreak?

Assuming that lepidopteran scales are able to identify large spruce budworm population events, the next
step in ameliorating interpretation is determining whether scale accumulation magnitude corresponds to the
severity of an outbreak. The second objective of this dissertation is to compare the ability of the lepidopteran
scales and tree-rings to record the effects of spruce budworm defoliation. If lepidopteran scales are an
accurate measure of spruce budworm populations around a lake, then larger scale accumulations should
correspond with larger growth suppression/greater number of trees affected because larger scale
accumulations suggest larger spruce budworm adult moth populations meaning that the larvae have
successfully fed on the host-tree’s needles and molted into moths. Similarly, large adult spruce budworm
moth populations would result from a large number of successfully feeding larvae corresponding to a
reduction in foliage negatively affecting a tree’s photosynthetic capacity and ability to produce
photosynthates inhibiting tree growth resulting in the production of narrower tree-ring widths (Ericsson et
al., 1980; Krause and Morin, 1995; Krause et al., 2012; Deslauriers et al., 2015). Additionally, the two
signals (changes in both lepidopteran scale accumulations and tree-ring widths) are expected to be
(relatively) synchronous because incorporation of lepidopteran scales into lake sediment is relatively quick
(Tremblay, 2022), and the effects of spruce budworm defoliation manifested as a reduction in tree-ring
widths typically becomes evident within 2-4 years of the actual event (Krause and Morin, 1995; Krause et

al., 2012).

Objective 3: Reconstruct large spruce budworm population and wildfire events in the mixed boreal

forest during the variable Holocene climate and in the context of changing vegetation
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The final objective of the dissertation is to reconstruct large spruce budworm population and wildfire events
in the mixed boreal forest over the course of the Holocene. This observational study utilizes the novel
lepidopteran scale paleo-proxy in combination with sedimentary charcoal and arboreal pollen to determine
changes in disturbance event frequencies, identify changes in relative tree species composition, and quantify
the interaction between the two disturbances. Additionally, the effects of rapid significant climate change
events on disturbance event frequencies was assessed. Following post-glacial vegetation recolonization in
the mixed boreal forest, the spruce budworm is expected to be the preeminent disturbance given the
abundance and near constant supply of balsam fir, its primary host-tree. Further, an abundance of host
predisposes the mixed boreal forest to spruce budworm outbreaks, and the mortality resulting from
budworm defoliation creates favourable conditions for balsam fir regeneration and establishment in the
canopy (Kneeshaw and Bergeron, 1996, 1998, 1999; Bouchard et al., 2005, 2006, 2007); bringing about the
establishment of a positive disturbance-vegetation feedback loop (Baskerville, 1975; Morin, 1994). Prior to
the increase in abundance of balsam fir, the mixed boreal forest is expected to be dominated by wildfire,
where vegetation was likely to be more fire-tolerant while also potentially promoting fire-prone conditions
(Hély et al., 2000, 2010, 2020; Girardin et al., 2013; Blarquez et al., 2015; Blarquez and Aleman, 2016)
permitting the establishment a positive wildfire disturbance-vegetation feedback loop. The large spruce
budworm population and wildfire event frequencies are expected to exhibit an inverse relationship or
negative correlation at millennial and multi-millennial scales (e.g., Navarro et al., 2018b) as both agents are
‘competing’ for a limiting and changing resource in the form of variable tree species biomass. Further, the
greater frequency of a particular disturbance may be mediated by climate conditions. In Eastern North
America, cool, dry conditions periodically occurring during the Holocene resulted in increased fire
frequencies (Carcaillet et al., 2001a) where such conditions may simultaneously negatively affect spruce
budworm survival and development (e.g., Ayres and Lombardo, 2000) resulting in fewer large population

events.

The overall goal is to ameliorate our interpretation of the novel paleo-proxy of lepidopteran scales and then
apply this understanding over the course of the Holocene within the ecosystem context of the mixed boreal
forest potentially revealing any variability in the spruce budworm disturbance regime over time, and also
how this regime interacted with wildfire. As such, gained knowledge in the variability of disturbance regime

characteristics (i.e., disturbance event frequency) over time would ideally help develop sustainable forest
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management practices that could be applied in an effort to mitigate the unwanted effects of climate change

on the mixed boreal forest while still allowing timber harvesting.

1.7  Thesis structure overview

In chapter 2, I compare lepidopteran scale accumulations over the late 20™ Century from 9 lakes to the

corresponding observed defoliation around each lake as documented by aerial surveys.

In chapter 3, lepidopteran scale accumulations from the same 9 lakes in chapter 2 are compared to changes
in tree-ring widths in order to determine whether both proxies are able to record the effects of spruce

budworm defoliation in a stand and if both signals are synchronous.

In chapter 4, I reconstruct large spruce budworm population and wildfire events from a single lake and
observe their interaction in the mixed boreal forest over the course of multiple rapid significant climate

change events during the Holocene.

In chapter 5, I summarize the main results of this dissertation. I also briefly discuss implications of my
results to the mixed boreal forest, and more importantly highlight potential future research avenues and

needs.
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CHAPTER 2
VALIDATION OF LEPIDOPTERAN SCALES AS A PROXY FOR EASTERN SPRUCE
BUDWORM OUTBREAKS EVENTS

Marc-Antoine Leclerc, Olivier Blarquez, Martin Simard, and Hubert Morin

2.1  Abstract

Characterizing disturbance regimes over long time scales is paramount for describing and identifying their
range of variability. The most important biotic disturbance in the eastern Canadian boreal forest is the
eastern spruce budworm, a moth of the insect order Lepidoptera. Lepidopteran scales have recently been
used to reconstruct spruce budworm population fluctuations throughout the Holocene. However, this novel
proxy has yet to be validated by an independent proxy. This study aimed to determine whether lepidopteran
scales found in the surface sediments of boreal lakes tracked large spruce budworm populations, i.e.,
outbreaks, using yearly aerial surveys (1967-present) of spruce budworm defoliation as an independent

£ 2!%pb-dated sediment cores recovered

proxy. Scales were extracted (1 cm resolution) from the top 20 cm o
from nine lakes. To identify significant abundance peaks of scales in the time series, we removed
background noise using a modified version of CharAnalysis. A 100-year smoothing window width
combined with a 60™ percentile threshold yielded the highest true positive and true negative occurrences,
and the lowest false positive and false negative occurrences, with values of 0.69 and 0.70 for Cohen’s Kappa
and Matthews correlation coefficient, respectively. Our findings demonstrate that lepidopteran scales are a

suitable proxy for identifying spruce budworm outbreaks in the sediment record.

2.2 Introduction

The ability to quantify forest disturbance regimes over long periods is essential for accurately identifying
and describing their natural range of variability. A long-term perspective is particularly useful for capturing
the evolution of a disturbance regime in response to changing climate and/or vegetation (e.g., Power et al.,
2008; Ali et al., 2009, 2012; Blarquez et al., 2015). Moreover, looking into the past may hint at how current
and future disturbance regimes may behave in a changing climate. Past observed long-term variability could

serve as a useful framework for developing and applying sustainable forest management approaches (e.g.,
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Hennebelle et al., 2018). For example, a long-term perspective obtained using sedimentary charcoal has
allowed elucidating how fire frequencies and the amount of biomass burned have evolved in relation to
various climate phases of the Holocene (e.g., Long et al., 1998; Ali et al., 2009, 2012; Blarquez et al., 2015).
An accurate characterization of both abiotic and biotic disturbances over vast temporal scales improves our
understanding of ecosystem functioning and favours the application of sensible forest management

approaches (Landres et al., 1999; Swetnam et al., 1999; Keane et al., 2009).

Biotic disturbances, such as insect outbreaks, are key ecosystem processes affecting forest structure and
composition (e.g., Cooke et al., 2007; Barbosa et al., 2012) and nutrient cycling (e.g., Mattson and Addy,
1975; Lovett et al., 2002). One of the most important disturbances in the eastern Canadian boreal forest is
the eastern spruce budworm [Choristoneura fumiferana Clemens]. This native lepidopteran defoliator
exhibits a univoltine lifecycle and cyclic population outbreaks (Royama, 1984; Jardon et al., 2003; Royama
et al., 2005, 2017). The spruce budworm lifecycle consists of six larval stages, a pupal stage, and finally, an
adult moth stage in which the insect disperses and reproduces (Nealis, 2016). In the larval stage, the spruce
budworm feeds preferentially on the current year’s needles, buds, and cones of mature balsam fir [4bies
balsamea (L.) Mill]; however, this insect will also consume older needles and, to a lesser extent, feed on
the needles of white spruce [Picea glauca (Moench) Voss] and black spruce [Picea mariana (Mill.) Britton,
Sterns & Poggenburg] (Hennigar et al., 2008). Tree mortality in mature balsam fir typically occurs after 3
to 4 years of severe defoliation, and pure old stands tend to undergo greater defoliation than mixed stands
(MacLean, 1980, 1984; Su et al., 1996; Campbell et al., 2008). Over the course of the 20" century, spruce
budworm outbreaks in the boreal forest have tended to occur every 30 to 40 years at the landscape scale
(Blais, 1983; Boulanger and Arseneault, 2004). These outbreaks have typically lasted 9 to 12 years (Nealis,
2016), although outbreak length can vary regionally (Gray et al., 2000). During an outbreak, spruce
budworm populations increase rapidly to produce a massive number of adult moths (Cooke et al., 2007;

Nealis, 2016).

Lepidopteran scales found in lake sediments have recently been used as a proxy to reconstruct spruce
budworm population sizes over long timescales (e.g., Navarro et al., 2018b). This new paleo-proxy is
particularly promising because the scales’ chitinous structure is well preserved in anaerobic environments,

such as lake sediments, and because scales are an abundant structure found on adult moths, produced in
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enormous quantities during outbreaks (Ghiradella, 1998; Navarro et al., 2018a; Tremblay, 2022). Combined,
the abundance of this microfossil and its durability has permitted the reconstruction of spruce budworm
population fluctuations throughout the Holocene (Navarro et al., 2018b). However, as a novel paleo-
indicator, its use has not yet been validated with an independent proxy, although outbreaks over the past
8000 years detected by the lepidopteran scales have been in agreement with other paleo-proxies such as
spruce budworm larval head capsules, and feces (see Simard et al., 2002, 2006 for macrofossil

reconstructions; Navarro et al., 2018b).

This study aims to determine whether lepidopteran scales could reliably identify local-scale periods of high
spruce budworm populations, i.e., outbreaks, in the mixed boreal forests of Québec (Canada). We compare
recent and known outbreak periods (1967-present) documented by aerial surveys to the accumulation of
lepidopteran scales found in lake sediments. If lepidopteran scales provide an accurate proxy of spruce
budworm population size, then large accumulations should coincide with known spruce budworm outbreak

periods identified by aerial surveys, as both proxies indicate the presence or the absence of the defoliator.

2.3 Methods
2.3.1 Study area

Our sites were located between 47°and 50°N in the Abies balsamea—Betula papyrifera (Balsam fir—paper
birch) and Abies balsamea—Betula alleghaniensis (Balsam fir—yellow birch) bioclimatic zones (Rowe, 1972;
Saucier et al., 2009; Figure 2.1), and in areas having experienced varying levels of defoliation, as assessed
on the ground in the sampling year (Table 2.1). All lakes were found at < ca. 300 m asl and surrounded by
flat or gently rolling terrain. The relative abundance of arboreal species varied across the region, although
tree species composition remained similar, with stands typically comprising balsam fir, white spruce, black
spruce, trembling aspen [Populus tremuloides Michx.], paper birch [Betula papyrifera Marshall], and
yellow birch [Betula alleghaniensis Britt.], and jack pine [Pinus banksiana Lamb.] (Table 2.1).
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Figure 2.1: Location of the sampled lakes in central Québec, Canada.
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Table 2.1: Site descriptions, associated lake characteristics, and the applied time-step used for interpolating each sediment core

(NL;:ET 0 Coordinates  Area  Depth of core Y ear of Defoliation Tree species found in proximity of each Interpolated time-
South) (°N, °W) (ha) extraction (m) sampling class lake step (years)

49.607 Abies balsamea, Picea mariana, Populus

5 ’ 3.91 9.7 2019 S ’ ’ 5
71.998 evere tremuloides, Pinus banksiana

g 49.445, 537 99 2019 Lieht Populus tremuloides, Abies balsamea, 7
71.332 ' ’ & Picea mariana
49 365 Picea mariana, Pinus banksiana, Abies

2 ’,!2-[]3 [], 4.11 8.5 2019 Severe balsamea, Betula papyrifera, 5

) Populus tremuloides

1 "lliié% 1.20 5.5 2019 Severe Picea mariana, Pinus banksiana 5

49012 Betula papyrifera, Populus tremuloides,

3 2.62 8.3 2019 Moderate Abies balsamea, 5

71.646 . .
Picea mariana
48.872 . Picea mariana, Pinus banksiana
4 ’ 0.94 5.2 2019 Light ! ! 5
71.566 ‘& Populus tremuloides

Betula papyrifera, Populus tremuloides,

48.245

Bois Joli ’ 0.90 53 2019 Moderate Abies balsamea, 8
71.241 .

Picea glauca
Betula papyrifera, Populus tremuloides,
48.165 Betula alleghaniensis,
Buire 70'57 l, 1.30 34 2018 Moderate Abies balsamea, Picea mariana, Picea 6
) glauca

47.477, Betula alleghaniensis, Populus

Bélanger 2.79 2.8 2017 None tremuloides, Abies balsamea, 6
75.178 .
Picea glauca
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2.3.2 Lake sediment paleo-proxy: lepidopteran scales
2.3.2.1 Field sampling and subsampling preparation

We selected nine small (roughly <5 ha), deep lakes having little or no inflow or outflow (e.g., Millspaugh
and Whitlock 1995; Ali et al., 2008). The lake—sediment interface and upper portion of the sediment record
were collected using a gravity corer (Renberg, 1991; Renberg and Hansson, 2008). We subsampled the
cores at a 1 cm resolution and removed 1 cm® from each subsample for use in lepidopteran scale analysis.
Six subsamples from the upper portion of each core— 0-1, 2-3, 5-6, 9-10, 14-15, and 24-25 cm except
for Lake 4 which required an extra sampling depth at 18—19 cm—were sent to Flett Research Ltd (Winnepeg,
MB, Canada) to obtain measurements of *'°Pb activity. To convert 210py, activity into calendar years, we

applied a constant rate of supply (CRS) model (Appleby and Oldfield, 1983; Binford, 1990; Appendix A).

Lepidopteran scales were extracted from the top 20 cm of each sediment core, corresponding to
approximately the last 150 years, following a modified protocol initially developed by Navarro et al.,
(2018a). Briefly, each 1 cm® sediment subsample was deflocculated in 20% KOH at 17 psi and 121°C for
30 minutes in a steam sterilizer (Amsco unit by Steris). The sediment was then wet-sieved at 53 pm, and
the retained sediment was put into 50 mL centrifugation tubes. Twenty millilitres of sucrose solution
(relative density = 1.24) was added to the tubes, which were then centrifuged at 4500 rpm for 20 minutes at
21°C. The supernatant from each tube was removed, and 25 pL of 1% lactophenol cotton blue stain was
added to the pellet to facilitate scale identification. The pellets were mounted on microscope slides and

scales were identified and counted at 10x objective magnification (Tremblay, 2022).

2.3.2.2  Analysis

We identified peaks of lepidopteran scale abundance using a modified version of CharAnalysis, a procedure
typically used to reconstruct paleo-fires from charcoal particles recovered from lake sediments (Higuera,
2009; Higuera et al., 2010; Appendix B). The short temporal scale (<200 years) and relatively small sample

size of the scale series, however, precluded the use of the CharAnalysis program in its original design
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(Higuera, 2009; Higuera et al., 2010). Therefore, we developed a simplified version of CharAnalysis in the

R environment (R core team, 2021). For clarity, we use the same terminology as for the original program.

Raw sediment accumulation rates can vary downcore because of sediment compaction; thus, 1 cm thick
samples in the upper portion represent a shorter time interval than those recovered at the bottom of the core.
The subsequent analyses required implementing a constant time-step; therefore, we interpolated the raw
accumulation rates to a constant time-step (Cj,). From this, we could determine the background
accumulation rate (Cpack). Interpolation was performed by applying the best-fitting time step to the raw
accumulations rates within each core with the pretreatment function in the paleofire R package (Blarquez
et al., 2014; Table 2.1; Appendix B). We obtained background accumulation rates (Cp,cx) using LOWESS,
from the /ocfit package (Loader, 2020), running a smoothing window of 100 or 120 years corresponding to
approximately three times the known spruce budworm outbreak return interval (30—40 years) in recent
history (Blais, 1983; Morin, 1994; Boulanger and Arseneault, 2004; Boulanger et al., 2012). We selected
this approach as an analogous procedure as for determining Cyp,ck for wildfires, which relies on a smoothing
window approximately three times the mean fire return interval (Carcaillet et al., 2009; Blarquez et al.,
2010). Peak scale accumulations (Cpa) were determined by subtracting Cy,erc from the interpolated values
to which a threshold ¢ was applied to identify large spruce budworm populations, i.e., outbreaks (Cge), and
differentiate them from Cyise. The thresholds used to identify outbreaks were at the 40™, 50", 60™, 70™, 80",
90™, 95", and 99" percentiles of Cp and were applied globally, as each core had fewer than 30 samples

(Higuera, 2009; Higuera et al., 2010).

We identified outbreak events as clusters of scale accumulations by applying a 20-year window (10 years
pre-outbreak to 10 years post-outbreak) around the highest accumulation rate of a potential outbreak (Cpcax)
to reduce identifying false outbreaks. Any point falling within this window was considered to be part of the
same outbreak event cluster. We selected this window length to encompass the 5- to 15-year period of severe
defoliation when budworm populations are high (Blais, 1985b) and to encompass the variability in outbreak

duration observed over the 20" century (Gray et al., 2000).
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2.3.3  Aerial surveys

Because lepidopteran scale accumulations within a small lake represent the local (approximately 200 m
radius) spruce budworm population (Tremblay, 2022), we also estimated defoliation within a 200 m buffer
around each lake. We performed this projection in ArcMap 10.4.1 (ESRI, 2015) using shapefiles of aerial
surveys conducted from 1967 to present (MFFP, 2021a; Appendix C). We defined outbreak periods at each
site as the first year of observed defoliation to the last year of observed defoliation within the buffer zone,
even if within this period there were up to five consecutive years of no observed defoliation, a phenomenon
that can sometimes occur locally (Gray, 2008). Furthermore, within the defined outbreak periods, at least 1
year of observed moderate or severe defoliation had to be recorded, as sedimentary lepidopteran scale
accumulations cannot detect light defoliation events (Tremblay, 2022). If only light defoliation was

observed in the outbreak period, this was not counted as an outbreak.

2.3.4  Outbreak period definition and detection

From the above criteria, we assessed outbreak detection (presence/absence) for the various smoothing
windows and scale percentile thresholds using a confusion matrix, Cohen’s Kappa, and Matthews
correlation coefficient. We applied the CharAnalysis procedure over the entire time period covered by the
sediment core (top 20 cm) to retain the variability in scale accumulations over the 20" century to most
accurately identify large scale accumulations. However, the outbreak detection analysis was restrained to
the latter portion of the 20" century, i.e., 1967-present, a period for which information was available for
both proxies. During this period, two major outbreaks occurred in the province of Québec. Although they
lasted 15 to 20 years at the regional scale (1967-1986 and 2010—present), defoliation rarely exceeded 10 to
15 years locally and showed variable temporal patterns (Gray et al., 2000). Therefore, we used site-scale
defoliation patterns to determine the exact years of outbreak vs. non-outbreak periods for the confusion
matrix. We defined the outbreak periods through aerial surveys by using the first and last year of detected
defoliation across all sites within the study area spanning the years: 1971-1985 (O1; using the nomenclature
in Jardon et al., 2003 and Boulanger et al., 2012), and 2010—present (OP; ‘present outbreak’, building off

the previous nomenclature). Similarly, a non-outbreak period spanned from 1986 to 2009.

A 2 x 2 confusion matrix counted the number of occurrences—3 periods, i.e., 2 outbreaks and 1 non-

outbreak x 9 lakes for a total of 27 observations—that both proxies agreed or disagreed (Table 2.2). The
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matrix consisted of four cells: true positive (TP) where both proxies identified an outbreak; true negative
(TN) where neither proxy detected an outbreak; false positive (FP), and false negative (FN; e.g., Chicco et

al., 2021a,b,c) where proxies disagreed as one proxy identified an outbreak and the other did not.

Table 2.2: The generic confusion matrix used to assess the agreement between the lepidopteran scale
accumulations and the aerial surveys. Observations where both proxies agree are counted in the ‘outbreak—
outbreak’ or ‘no outbreak-—no outbreak’ cells (TP: true positive and TN: true negative, respectively).
Otherwise observations where the proxies disagree are counted in the ‘outbreak—no outbreak’ cells (FP:
false positive, FN: false negative). The ‘x’ represents either the 100-year or the 120-year smoothing window.

Aerial surveys

Outbreak No outbreak
Lepidopteran
scale Outbreak True positive (TP) False positive
smoothing ‘x’ (FP)
year . :
window No outbreak False negative True negative
width (FN) (IN)

We assigned peak lepidopteran scale accumulations that surpassed the defined percentile threshold (Cgy.),
to the closest aerial survey-defined outbreak period (1971-1985; 2010—present) within 15 years. This

window accounted for the variability resulting from *'°

Pb measurements and subsequent age—depth
estimates and was inspired by a similar method applied to assign sediment charcoal peaks based on fire
scars (see Higuera et al., 2005). Cohen’s Kappa, based on the 2 x 2 confusion matrix, served to quantify the
agreement in outbreak detection between the two proxies (Cohen, 1960; Warrens, 2008, 2010; Chicco et al.,
2021c). Cohen’s Kappa typically ranges from —1 to 1, where values closer to 1 indicate agreement between
the proxies, and values closer to 0 indicate that the agreement between the proxies occurs because of chance
(Cohen 1960; Warrens 2014, 2015; Chicco et al., 2021c). Values closer to —1 indicate a disagreement

between the proxy records (Chicco et al., 2021c).

In addition to Cohen’s Kappa, we used the Matthews correlation coefficient (MCC) to quantify the
agreement between the proxies as it may be more reliable and informative metric than Cohen’s Kappa

(Chicco et al., 2021a,b,c). The MCC is a performance metric assessing the association between variables
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(Matthews, 1975) and is analogous to the ¢ (phi) coefficient in the case of a 2 x 2 matrix (Zysno, 1997,
Baldi et al., 2000; Chicco and Jurman, 2020; Chicco et al., 2021a,b,c). Values range from —1 to 1, and these
extremes indicate disagreement and agreement, respectively, whereas values of 0 indicate no relationship
between the proxy records (Baldi et al., 2000; Chicco et al., 2021 a,b,c). The MCC generates a high value

when both a majority of positive and negative instances are correctly classified (Chicco et al., 2021 a,b,c).

2.4 Results

Outbreak detection using the lepidopteran scales strongly agreed with the aerial surveys (23 true positive or
negative vs. 4 false positive or negative; Table 2.3) producing a kappa of 0.69, and an MCC of 0.70 (Table
2.4). Successful detection generally increased when we lowered the percentile threshold, and we found
greater accuracy when we applied a 100-year window width. The 100-year smoothing window generally
had more true positive and fewer false negative detections relative to those of the 120-year window (Table
2.3). Maximum outbreak detection by the scales occurred at the 60" percentile threshold and was lowest at
the 95™ and 99" percentile thresholds regardless of the smoothing window size (Table 2.3). Generally, the
number of false negatives increased with increasing percentile threshold (Table 2.3). A false positive for
lake Bélanger (ca. 2005) occurred regardless of the threshold or smoothing window size, as the scale record
had detected an outbreak, whereas none had been detected by aerial surveys (Table 2.3; Figure 2.2;
Appendix C; Appendix D). Finally, an additional false positive occurred at the 40™ or 50™ percentile when
applying the 100- and 120-year smoothing window, respectively (Table 2.3).

Table 2.3: Summary of the confusion matrix occurrences for the 100- and 120-year smoothing windows
and percentile thresholds applied to the lepidopteran scale records from sediment cores collected from nine
lakes. A higher number of true positives and negatives suggests greater agreement between the sedimentary
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scale record and the aerial surveys, whereas a higher number of false positives and negatives suggests greater

disagreement between both proxy records.

Percentile threshold

Smoothing window (years)

40 50 60 70 80 90 95 99

True positive

14 14 14 1210 6 5 5

100 Falsepositive 2 1 1 1 1 1 1 1
Truenegative 8 9 9 9 9 9 9 9
Falsenegative 3 3 3 5 7 11 12 12
True positive 14 14 13 11 9 6 5 5

120 Falsepositive 2 2 1 1 1 1 1 1
Truenegative 8 8 9 9 9 9 9 9
Falsenegative 3 3 4 6 8 11 12 12

Table 2.4: The agreement in spruce budworm outbreak detection, expressed as Cohen's Kappa and
Matthews correlation coefficient between lepidopteran scale accumulations and aerial surveys over the late
20™ century (1967-present) using different window widths and percentile thresholds. Both Cohen’s Kappa
and Matthews correlation coefficient range from —1 to 1, where values close to —1 indicate disagreement,
whereas values nearing 1 indicate strong agreement between the proxies. Values near 0 suggest no
relationship or a chance agreement between the two proxies.

Smoothing window Percentile threshold (%)  Cohen’s Kappa statistic =~ Matthews correlation
(years) (%) coefficient (%)
40 0.61 0.61
50 0.69 0.70
60 0.69 0.70
70 0.56 0.59
100 80 043 0.48
90 0.21 0.28
95 0.16 0.23
99 0.16 0.23
40 0.61 0.61
50 0.61 0.61
60 0.63 0.64
70 0.50 0.53
120 80 0.38 0.43
90 0.21 0.28
95 0.16 0.23
99 0.16 0.23
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Figure 2.2: Interpolated lepidopteran scale accumulations and C,e.x accumulations using the lepidopteran scale paleo-proxy for Lakes (a) 5, (b) 8,
(c)2,(d) 1, (e) 3, (f) 4, (g) Bois Joli, (h) Buire, (i) Bélanger. The grey boxes represent the detected and defined outbreak periods by the aerial surveys
and are identified as O1 (1971-1985; 1980s outbreak), and OP (2010—present; current outbreak) using the nomenclature in Jardon et al., (2003), and
Boulanger et al., (2012). The circles identify lepidopteran scale accumulation clusters representing potential outbreak events. Top panel: The solid
smooth line represents the LOWESS with a 100-year smoothing window width used to determine the background accumulation rates (Cpack), where
everything above is considered a potential outbreak(C,c.). Bottom panel: The C,..c accumulations calculated as residuals along with the different
percentile thresholds used. Dashed horizontal lines represent the 40", 60", 80", and 95" percentile thresholds respectively, and the solid horizontal
lines represent the 50, 70™, 90 and 99™ percentile respectively above which the ‘true’ outbreak events (Cg,e) were identified.
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The threshold-smoothing combinations yielding the highest Cohen’s Kappa (0.69) and MCC (0.70) were
the 50™ or 60" percentile thresholds applied using the 100-year smoothing window (Table 2.4). When using
the 120-year smoothing window, we found the best agreement with the 60" percentile threshold, although
this threshold yielded lower values for both statistics (0.06 less). For both smoothing window sizes, the

poorest agreement was obtained with the 95" and 99" percentile thresholds (Table 2.4).

2.5 Discussion

Lepidopteran scales accurately identified outbreak periods. We observed a robust agreement in identifying
outbreaks using both the sedimentary scale record and aerial surveys. The rate of agreement was slightly
better when using a 100-year smoothing window to determine background accumulations than using a 120-
year window. The 100-year window may be closer to three times the return interval typically used to
estimate background accumulations (e.g., Blarquez et al., 2010) given the 30- to 40-year return interval of
spruce budworm outbreaks over the 20" century (Blais, 1983; Morin, 1994; Boulanger and Arseneault, 2004;
Boulanger et al., 2012). The larger 120-year window is at the upper end of the documented spruce budworm
outbreak return interval and may be smoothing out too much variance (Appendix D); in certain cases, this
causes some events to be categorized as background accumulations. Additionally, the highest agreement
between both proxies, applying the 100-year smoothing window, was achieved using the 50" or 60"
percentile thresholds. After removing background accumulations, Cp,ck, the 50" and 60™ percentiles appear
to be optimal, as they are sufficiently high thresholds to distinguish Cg. from C,ise, but sufficiently low to

retain scale accumulations that may represent smaller populations, i.e., potentially less severe outbreaks.

Although lepidopteran scales and aerial surveys are both indicators of the spruce budworm presence around
a lake, they represent different measures of the local presence of this defoliator. Lepidopteran scales are a
direct measure of the local insect biomass and physical presence of adult spruce budworm moths within a
stand, whereas aerial surveys are an indirect measure of spruce budworm presence, as they document the
impact of the defoliator via stand-level defoliation. Generally, agreement between proxies would be
expected to be high because a large adult moth population requires the occurrence of intense defoliation by

a large well-fed larval population. Thus, by focusing on outbreak detection, as we have done in this study,
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the observed strong agreement between the proxy records was likely. However, focusing on outbreak
severity could yield a different result, particularly at relatively fine spatial scales, such as for this study,
because defoliated areas delineated by aerial surveys tend to be quite large, yet defoliation within these areas
can be heterogeneous (Harris and Dawson, 1979; Kettela, 1982; MacLean and MacKinnon, 1996).
Furthermore, the proportion of host trees in a given area becomes crucial as their abundance determines the
area’s defoliation class. For example, two areas may both be considered severely defoliated; however, the
proportion of host trees in one area may only comprise 10% of the basal area whereas in the other area, host
trees may occupy >75%. At small spatial scales, it is therefore possible that the defoliation class does not
necessarily correspond to the adult moth population found around a lake. Hence, this explains why we opted
to compare outbreak detection between the two proxies in the form of presence/absence rather than focusing

on outbreak severity.

A possible explanation as to why outbreaks are recorded by lepidopteran scales at certain sites and not at
others may be related to lake-level taphonomical processes and the size of the catchment basin. Lepidopteran
scales are a fairly reliable indicator of annual moderate and severe spruce budworm defoliation in the forest
surrounding a lake, as scales are deposited and incorporated relatively rapidly into the lake sediment
(Tremblay, 2022). Nonetheless, sediment deposition and mixing is highly site-dependent (e.g., Conedera et
al. 2009; Bennett and Buck, 2016) and may influence the vertical and horizontal distribution of the scales
in the sediment column, thereby affecting analyses. An altered distribution of scales in the sedimentary
record may result in an outbreak being spread over a greater downcore depth, creating a signal similar to
background accumulation. Conversely, background accumulations can be concentrated within a relatively
small depth to create a false outbreak signal as demonstrated potentially by the one observed false positive
in our study. Such processes may be dictated by lake basin shape subsequently affecting sediment
accumulation (Bennett and Buck, 2016). In this study, we attempted to control for such processes
statistically through the use of the CharAnalysis procedure that utilizes interpolation, differentiating
between background accumulations (Cyacr) and potential outbreak events (Cpeax), and by applying a global
threshold to further discriminate between potential outbreak and true outbreak events (Cg), in addition to

the use of outbreak clusters (see methods).
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In addition to taphonomical processes, the dating of sediment is also associated with errors (e.g., Higuera et
al., 2005), and age—depth models used to determine large lepidopteran scale accumulations may not be as
precise as the aerial surveys which have an annual resolution (Appendix A, and Appendix B). Finally, the
size of the catchment basin for lepidopteran scale input may influence outbreak detection. Tremblay (2022)
found a strong correlation between the current year’s lepidopteran scale accumulation and defoliation within
a 200 m buffer around sampled lakes; however, scale catchment basins may be larger or smaller than initially
thought potentially explaining possible outbreak identification mismatches between the proxies. The

catchment basin size for lepidopteran scale input will require further investigation.

We demonstrated that lepidopteran scales are a reliable proxy for identifying spruce budworm outbreaks, as
their abundance peaks in the sediment match observations via aerial surveys. Therefore using this novel
microfossil to reconstruct large spruce budworm population events over longer time scales is warranted
(e.g., Navarro et al., 2018b). We note that peaks found at greater sediment depths are likely to represent
more than one outbreak period because of a loss of temporal precision with increasing sediment depth.
These comparisons using recent historical and known events help calibrate the sediment proxy record,
emphasizing the importance of a multi-proxy approach. Moreover, this calibration of proxies ensures more

accurate results and improved interpretations at millennial and multi-millennial scales.
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CHAPTER 3
DETECTION OF SPRUCE BUDWORM IMPACTS BY LEPIDOPTERAN SCALES AND
TREE RINGS ARE COMPLIMENTARY

Marc-Antoine Leclerc, Martin Simard, Olivier Blarquez, and Hubert Morin

3.1 Abstract

Applying a centennial or millennial perspective to disturbance regimes permits an understanding of how
these events have varied in the past in relation to climate change. Correctly interpreting this variability is
crucial when preparing sustainable forest management practices for future warming. The eastern spruce
budworm (Lepidoptera) is the most important biotic disturbance in the eastern Canadian boreal forest. Adult
moths are covered by chitinous scales, and lepidopteran scale records in lake sediments have been analyzed
to reconstruct Holocene spruce budworm populations. However, the magnitude of these scale accumulations
has yet to be calibrated using an independent proxy. Here, we determine whether the impacts of spruce
budworm defoliation are recorded by both sedimentary lepidopteran scale accumulations and tree-ring
widths. Cross-wavelet analysis revealed agreement between both records at five out of nine sites, with a
stronger overlap between the scales and the proportion of affected trees than between the scales and a growth
suppression index. Wavelet coherence revealed agreement and synchronous signals in six out of nine sites
between scales and the growth suppression index, and agreement and synchronous signals in five out of
nine sites between scales and the proportion of affected trees. A species-based composite chronology relying
on Picea glauca produced the clearest outbreak record for both proxy records. Peak scale accumulations
correlated well with smaller tree-ring widths, demonstrating that larger scale accumulations correspond to
more severe defoliation events. Therefore, lepidopteran scales provide reliable records of spruce budworm

abundance and can serve as a proxy record of these events at centennial and millennial time scales.

3.2 Introduction

Climate change is expected to favour more frequent and severe disturbance events (e.g., Millar and
Stephenson, 2015; McDowell et al., 2020). In the boreal biome, these altered disturbance regimes include

insect outbreaks, as insect survival, growth, and development are influenced directly or indirectly by a
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changing climate. The projected climate-related consequences include the direct effects of temperature
change (see, e.g., Berg et al., 2006; Bentz et al., 2010; Régniére et al., 2012), modified insect distributions
(see, e.g., Jepsen et al., 2008, 2011), use of naive host-tree species (see, e.g., Cullingham et al., 2011;
Erbilgin et al., 2014; Rosenberger et al., 2017), and an altered insect-host tree phenology, possibly rendering
less vulnerable hosts more vulnerable (Pureswaran et al., 2015, 2019; Fuentealba et al., 2017). Indirect
climate effects, via drought and altered precipitation regimes, could result in greater host-tree mortality in
conjunction with insect outbreaks (see, e.g., Allen et al,. 2010, 2015; Hart et al., 2014, 2017; De Grandpré
et al., 2019), or a loss in outbreak regularity (Esper et al., 2007).

In the eastern Canadian boreal forest, the spruce budworm [Choristoneura fumiferana Clemens] is the main
biotic disturbance (MacLean, 2016; Nealis, 2016). The spruce budworm is a native lepidopteran defoliator
with a univoltine life cycle during which the insect begins as an egg, molts through six larval stages, forms
a pupa, and emerges as an adult moth that can then reproduce and disperse (Royama, 1984; Royama et al.,
2005; Régniere and Nealis, 2007; Nealis, 2016). Defoliation by larvae occurs preferentially on the current
year needles of mature balsam fir [4bies balsamea (L.) Mill.], with older needles targeted at high
populations densities (Piene, 1989; MacLean et al., 1996; Nealis, 2016). White [Picea glauca (Moench)
Voss] and black spruce [Picea mariana (Mill.) Britton, Sterns & Poggenburg] are alternate budworm hosts
(Hennigar et al., 2008). Defoliation by the larvae often results in growth reductions (Blais, 1957, 1958, 1962,
1983), and severe defoliation will result in tree mortality, particularly in the preferred host (MacLean, 1980,

MacLean, 1984).

Twentieth-century outbreaks of this insect in eastern Canada have occurred roughly every 30 to 40 years
(Blais, 1983; Boulanger and Arseneault, 2004; Volney and Fleming, 2007; Boulanger et al., 2012),
producing important consequences for timber supply, and carbon cycling (Dymond et al., 2010). Outbreak
duration is variable (5-20 years; Gray et al., 2000), and severity depends on stand composition with lower
impacts in stands with a greater proportion of deciduous species (MacLean, 1980; Su et al., 1996; Colford-
Gilks et al., 2012; Houndode et al., 2021). In recent outbreaks, black spruce stands have experienced lower
levels of defoliation because of the phenological mismatch between bud burst and larval emergence (Nealis
and Régniere, 2004); however, climate change may modify this relationship (Régniére et al., 2012;

Pureswaran et al., 2015, 2018, 2019; Fuentealba et al., 2017).
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Historically, spruce budworm outbreaks have been reconstructed using dendrochronology (e.g., Blais, 1958,
1962, 1983; Morin and Laprise, 1990; Morin, 1994), generally spanning the last 300 to 400 years (e.g.,
Boulanger and Arseneault, 2004; Boulanger et al., 2012). Outbreak detection and severity are identified
using tree-ring widths (e.g., Blais, 1958, 1962, 1968, 1983; Morin and Laprise, 1990; Morin, 1994;
Boulanger and Arseneault, 2004; Boulanger et al., 2012), with narrower ring widths representing a proxy
of abundant spruce budworm and its feeding on needles, i.e., defoliation, once the background climate signal
is removed from the record (Swetnam et al., 1985). Defoliation by budworm larvae reduces the
photosynthetic capacity of the host trees, limiting available photosynthates to inhibit growth and produce
narrower tree-rings (Ericsson et al., 1980; Deslaurier et al., 2015). A two-to-four-year lag may exist between
the year of defoliation and subsequent production of narrow growth rings (Ericsson et al., 1980; Krause and

Morin, 1995; Krause et al., 2012).

Although dendrochronological approaches have been extremely useful, interpreting these tree-ring records
requires understanding how host-tree response, survivor bias, and the fading record combine to affect the
tree-ring record. Most spruce budworm reconstructions rely on white spruce , as it is sensitive to defoliation,
and is a relatively long-lived species (Blais, 1958, 1962; Bouchard and Pothier, 2010). Black spruce has
also been used (e.g., Tremblay et al., 2011). However, outbreak records in black spruce may be harder to
identify given the phenological mismatch between the defoliator and the host tree, possibly resulting in a

less obvious growth reduction (Blais, 1957, 1962; Pothier et al., 2012; Krause et al., 2012).

Living trees included in dendrochronological reconstructions are survivors of past events, therefore, tree
response and circumstances permitted their survival, raising questions regarding the observed growth
suppression recorded in survivors as an accurate representation of a defoliation event (Jardon et al., 2003).
Site history is also important, as disturbances such as wildfire and logging affect individual tree’s ability to
record events and influence which recorder trees are left on a site, affecting any reconstruction. Finally,
dendrochronology is also limited by a tree’s lifespan; black and white spruce can live up to 200 and 300
years, respectively (Burns and Honkala, 1990), and fewer older specimens result in a fading record and thus

a biased reconstruction (e.g., Pothier et al., 2012; Duchesne et al. 2019).
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Dendrochronological reconstructions of spruce budworm outbreaks at millennial or multi-millennial scales
are relatively limited (e.g., Simard et al., 2011). Therefore, the use of other proxy records is required to
extend the chronology. Previous paleoecological approaches to identify budworm outbreaks have included
sediment records of budworm larval head capsules, and budworm feces (e.g., Simard et al., 2002, 2006).
Such proxies have shortcomings, such as the small number of head capsules in the sediment and downcores
feces degradation (Simard et al., 2002, 2006). More recently, chitinous lepidopteran scales, which cover
adult moths, have proven to be an excellent proxy of spruce budworm populations (e.g., Navarro et al.,
2018a,b). The abundance of scales in the sedimentary record—thousands cover a single adult budworm
moth—and their long-term preservation in the lake sediment record related to their chitinous composition
(Richards, 1947; Sturz and Robinson, 1986; Montoro Girona et al., 2018) improve on the former insect
outbreak proxies. Moreover, the abundance of scales deposited into small lakes mirrors the local insect
biomass, and lepidopteran scales are incorporated into the lacustrine sediment within the year (Tremblay,
2022). Finally, there is a high agreement between the photographic aerial survey record (1967-present) and

the abundance peaks in the lepidopteran scale sedimentary record (Chapter 1).

Despite the potential of scales to track long-term spruce budworm abundance, further calibration remains.
Here, we compare local dendrochronological records with the corresponding lepidopteran scale sedimentary
records from a series of lakes. We aim to establish whether both proxy records record similar impacts of
spruce budworm defoliation and, if so, assess signal synchronicity. We hypothesize that larger
accumulations of lepidopteran scales in the sedimentary records match tree-rings records showing growth
suppression/greater percentage of affected trees and that these two signals are synchronous. Greater scale
accumulations in the sediment record should track larger adult spruce budworm moth populations around
the lake (and more severe defoliation by larvae). The two signals are expected to be relatively synchronous
as lepidopteran scale incorporation into the sediment is relatively quick (Tremblay, 2022), and the effects
of defoliation as recorded by tree-ring widths become evident two to four years following a defoliation event

(e.g., Krause and Morin, 1995; Krause et al., 2012).
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3.3 Methods
3.3.1 Lepidopteran scales
3.3.1.1 Field sampling, subsample preparation, and identification

To obtain sedimentary lepidopteran scale records of outbreak, we selected nine deep and small
(approximately < 5 ha) lakes having little inflow or outflow located in areas that have recently sustained
variable levels of defoliation (Figure 2.1; Table 3.1). We collected cores using a gravity corer to ensure
recovery of the water-sediment interface (Renberg, 1991; Renberg and Hansson, 2008), and subsampled all
cores at a 1 cm resolution. Subsample preparation for scale recovery and analysis is detailed in Chapter 1.
Additionally, an age—depth model using the constant rate of supply model (Appleby and Oldfield, 1983;
Binford, 1990) was produced relying on *'°Pb activity (analyses by Flett Research Ltd, Winnepeg, MB,
Canada) measured at six depths along each core (0-1, 2-3, 5-6, 9-10, 14-15, 24-25 cm; and an additional
depth for Lake 4 at 18-19 cm; Appendix A).

3.3.2 Tree-ring record
3.3.2.1 Field sampling, preparation, and identification

We produced local chronologies at each site by coring multiple trees (20-32 of the largest and oldest
individuals) within a 200 m radius around each lake (from herein ‘site’ will refer to the sediment collected
from lake and the cored trees) but up to an 800 m radius to sample enough individuals (Table 3.1). We
extracted one to two cores from each tree at a height of approximately <30 cm above the ground surface, or
in certain cases <70 cm above the ground surface depending on the presence of rot in the stem. Cores were
prepared and mounted following standard dendrochronological procedures (Stokes and Smiley, 1968).
Cores were scanned, and ring widths were measured using WinDendro software (Regent Instruments Inc.
2017; Guay et al., 1992). Samples were visually cross-dated using PASTS software (SCIEM, 2015a)
utilizing the Pearson correlation coefficient, threshold values of 60%—70% for the ‘Gleichlauf test’, and >4
for the Baillie/Pilcher and Hollstein t-tests to ensure correct dating (SCIEM, 2015b). The ‘Gleichlauf test’
calculates the percentage of overlapping years for two records having matching growth trends (SCIEM,
2015b). The Baillie/Pilcher and Hollstein tests are variations of the Student’s t-test and assess the similarity
between a pair of dendrochronological records (SCIEM, 2015b). The Baillie/Pilcher test obtains its t-
statistic via a five-year moving average over a minimum series length of 25 years. In contrast, the Hollstein
variation uses Hollstein Wuchswert detrending (SCIEM, 2015b). We subsequently verified cross-dated
sample placement via COFECHA v.6.06 (Holmes, 1983) to confirm visual cross-dating. We then applied
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the expressed population signal (EPS; Wigley et al., 1984; Buras, 2017) to obtain the most representative
chronology for each site. Ring-width indices were obtained by detrending and standardizing the most
representative chronologies for each site with a 60-year cubic spline using the R package dp/R (Bunn, 2010).
All subsequent analyses were performed in the R statistical environment (v.4.0.5; R Core Team, 2021).

Details of the steps (settings, functions) are presented in Appendix E.

Defoliation events described by the mean growth suppression index (mean GSI), and percentage of
defoliated trees (percent affected) for each site were obtained using the R package dfoliatR (Guiterman et
al., 2020). We calculated each site’s mean GSI and percent affected at an annual resolution (Guiterman et
al., 2020). The tree-level growth suppression index (GSI) is calculated as (Swetnam et al., 1985; Swetnam

and Lynch 1989; Guiterman et al., 2020):

GSI; = H;(NH; — NH,;)) ;V—HH

where GSI; is the growth suppression index in year i, H and NH are the standardized host-tree and non-host
ring-width series, respectively, NH,, is the mean non-host series’ ring-width, and oy/ony is the ratio between
the standard deviation of the standardized host and non-host series (Guiterman et al., 2020). In this study,
lack of local non-host individuals precluded the creation of a non-host series and use of a non-host correction

such that the GSI; simply became the standardized host-tree ring-width series.

3.3.3 Correlation and synchronicity between scale and tree-ring records

The correlation and synchronicity between lepidopteran scale and tree-ring records (mean GSI and percent
affected) were assessed using wavelet analysis. First, lepidopteran scale accumulations over the entire
sediment chronology for each lake were interpolated to an annual resolution using the pretreatment function
from the paleofire R package (Blarquez et al., 2014) to retain the variability in these accumulations. The
interpolation permitted directly comparing scale accumulation rate, mean GSI, and percent affected. Further,
interpolation to a constant time step attempted to reduce potential effects of sediment compaction that could
have occurred in the scale records. The signal of each variable for each site was modelled using generalized

additive models (GAMs) with the mgcv package (Wood, 2017).
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Lake 8 required removing and imputing a point (CE 1952) in the mean GSI data set to better model the
mean GSI signal and ensure the constant time step required for wavelet analysis. The comparison between

the original and altered data set is presented in Appendix F.
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Table 3.1: Site history and current tree species composition within an approximately 200 m radius around each lake including tree species cored,
expressed population signal (EPS), and the relationship, as determined by cross-wavelet and wavelet coherence analyses, between the lepidopteran
scales and dendrochonological records (mean GSI and percent affected). All sediment cores were collected in 2019 except for Lakes 4, Buire, and
Bélanger which were sampled in 2018, 2018, and 2017 respectively.

Site and lake characteristics® Wavelet analysis>*
Cross-wavelet Wavelet coherence
Species proportion in stand (%)  Past disturbance Tree rings Scales vs. GSI Scales vs. % Scales vs. GSI Scales vs. %
Lake' Lat., Long. Area(ha) Picea Abies Pinus decid fire harvest spp.” EPS' Al 03 02 01 All 03 02 01 Al 03 02 01 All 03 02 01
49.6070 1996~
58 ; 3.91 17 51 2 12 1890 1997, Pma (23/24) 0931 A A D D D A D D A A A A A D A A
—71.9980
2018
49.4454 Pre-1970.
L >
8 713322 5.37 3 39 - 45 - 1990 Pma (17/20) 0.75 D A D D A A A A D D D D D D D D
Pre-1970,
49.3648 1991
s - ] - - -
2 73,0296 4.11 34 2 3 18 1993, Pma (27/27) A D D A D A A A A A A A A A
2010
49.3200 1890, 1995
s £ s
1 —72.7860 1.20 58 - 9 - 1940 2016 Pma (24/28) 0.874 D D D D D A D D A A A A A A A A
Pre-1970,
1982,
49,0120 1993
M £
3 —T’1.6460 2,62 15 21 - 24 - 1997, Pma (27/28) 0.895 A D A A A A A A A A A A A A A A
2014,
2017
48.8718 1951
L - ? - - - - - - -
4 —71.5664 0.94 39 20 2 1985 Pre-1970  Pma (31/31) A A A A A A D D D A D
Pre-1970,
. o 48.2451 1986,
Bois Joli 712419 0.90 - 11 - 69 1900 1988 Pgl(27/32) 0885 D D D D D D D D D D D D D D N/A  NA
2013
Buire™ iil;?f?)s 1.30 18 11 - 60 - Pre-1970 Pgl(25/28) 0.861 D D A D D D A D A D A A D D D D
Bélanger ﬂ:ﬁis 2.79 10 13 - 53 - Pre-1970  Pgl (26/26) - A A D D A A D A A A A A A A D A

'Defoliation classes observed: L, M, S, correspond to light, moderate, and severe, respectively. The lack of a superseript means no defoliation was observed

2 Current species composition is derived from the information from the fourth forest inventory, and disturbance history includes years of recorded fire and harvesting events (MFFP 2021a,b). The first forest inventory did not provide
exact dates, only that disturbance events occurred prior to year of survey (MFFP 2021a,b).

iPgl and Pma: Picea glauca and Picea mariana, respectively. In parentheses is the maximum number of trees contributing to the chronology out of the total

The expressed population signal (EPS) is used to obtain the most representative tree-ring chronology for a stand, and the typical cut-off applied is 0.85 (Wigley et al., 1984); *—" in this column indicates no change in EPS with the
removal of any individual, therefore all individuals were retained.

Circular mean quantified the relationship between proxy records: ‘Agreement’ (A; anti-phase between scales and mean GSI or in-phase between scales and percent defoliation) or ‘disagreement’ (D; in-phase between scales and mean
GSI and anti-phase for scales and percent defoliation) for both cross-wavelet analysis and wavelet coherence.

5 All” is the circular mean of the entire calculated area; ‘O3°, 02, ‘01" correspond respectively to the 1912-1929, 1946-1959, and 1975-1992 outbreaks as determined by regional chronologies (Morin and Laprise, 1990; Boulanger
and Arseneault, 2004; Boulanger et al., 2012). The *~" in these columns indicates that the circular mean could not be calculated for the particular outbreak, as it was not found in a statistically significant area, or in an area where
R*>0.80, or if one of the proxy records did not cover the period and thus analysis was limited to periods covered by both time series.
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The correlation and synchronicity between the lepidopteran scale and mean GSI signals and between the
scale and the percentage of affected trees (percent affected) signals were assessed using wavelets with the
biwavelet R package (Gouhier et al., 2021) over the time period (1900-2019) common to both records as
the trees cored were not old enough to go further back in time. The use of wavelets is particularly powerful
for analyzing and comparing non-stationary signals through time (e.g., Torrence and Compo, 1998; Grinsted
et al., 2004; Cazelles et al., 2008; Fernandez-Macho, 2012, 2018). We applied a continuous Morlet wavelet
transform to obtain the temporal trends for each variable rather than a discrete wavelet transform because
the continuous wavelet transform is robust to noise, and this transform can extract phase interaction
information between a pair time series (Mallat, 1998; Grinsted et al., 2004; Cazelles et al., 2008). Moreover,
the Morlet wavelet offers a relatively good balance between time and frequency (Grinsted et al., 2004). For
each site, we tested the strength of each variable’s signal (significance in the power spectrum) against a
background signal generated by an autoregressive process with a lag of 1, using a x2 test and an a value of

0.05 (Torrence and Compo, 1998; Gouhier et al., 2021).

Subsequently, we assessed any correlations between the scale and tree-ring records in the biwavelet R
package via cross-wavelet analysis and wavelet coherence running 1000 Monte Carlo randomizations for
the latter (Gouhier et al., 2021). Cross-wavelet analysis reveals points in time and return intervals (i.e.,
periodicities) where strong signals between the variables overlap, and which signal leads or lags (Grinsted
et al., 2004; Labat, 2005). Wavelet coherence identifies correlations between a pair of measured series as a
function of frequency, with the correlation ideally displaying a consistent relationship between the signals
(phased-locked behaviour; Chatfield, 1989; Torrence and Compo 1998; Grinsted et al., 2004; Cazelles et
al., 2008). The significance for both wavelet coherence and cross-wavelet analysis was tested against a
background signal generated by an autoregressive process with a lag of 1, using a x2 test and an a value of

0.05.

Finally, we determined the nature of the interaction between the two proxies by determining the phasing of
the signal pairs, that is, which signal was leading or lagging relative to the other (Grinsted et al., 2004;
Cazelles et al., 2008). Phasing was represented graphically by arrows overlaid on wavelet power spectra
with the arrowhead direction indicating the nature of the interaction. Arrows pointing to the right indicate

that the two signals are in-phase when the peaks and troughs of both signals are synchronous. An arrow
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pointing to the left indicates an anti-phase relationship when the peak of a signal lines up with the trough of
the other signal (Grinsted et al., 2004). An upward arrow indicates that the scale record lags the
dendrochronological record by n/2 (Grinsted et al., 2004), i.e., a peak/trough in lepidopteran scales occurs
slightly after a peak/trough in either the mean GSI or percent affected. A downward arrow indicates that the
scale record leads the tree-ring record by n/2 , i.e., a peak/trough in lepidopteran scales occurs slightly before
a peak/trough in either the mean GSI or percent affected (Grinsted et al., 2004). We calculated the circular
mean and standard deviation using the circular R package (Agostinelli and Lund, 2017) for the entire zone
of significant high overlapping power and in zones of high correlation (R* >0.80) over the entire study
period (1900-2019) and for each known outbreak period (19121929, O3; 1946-1959, O2; and 1975-1992,
O1; Morin and Laprise 1990; Boulanger and Arseneault, 2004; Boulanger et al., 2012) for each site.

Using the circular mean values and standard deviation, we described the signals as being in agreement
(lepidopteran scale and mean GSI signals showing an anti-phase behaviour) or disagreement (in-phase
behaviour represents disagreement. We expect that large spruce budworm impacts, related to large adult
moth populations (abundant scale accumulations), will be reflected by a lower mean GSI (narrower tree-
ring widths) because of greater larval defoliation. Conversely, lepidopteran scale and percent affected
signals agree when these records exhibit in-phase behaviour and disagree when exhibiting anti-phase

behaviour.

3.3.4 Composite chronologies

We created composite lepidopteran scale and tree-ring chronologies to determine whether a clearer signal
could be obtained by combining sites and basing these composite records on tree species (three P. glauca
and six P. mariana sites; Table 3.1). We combined standardized individual tree-level ring widths from the
three Picea glauca sites to obtain the P. glauca composite. In contrast, the Picea mariana composite was
built using the standardized individual tree-ring widths from the six P. mariana sites. The respective ring-
width and percent affected composite records were developed using the dp/R (Bunn, 2010), and dfoliatR
(Guiterman et al., 2020) packages respectively. We combined the annually interpolated lepidopteran scale
accumulations, obtained via the pretreatment function in the R paleofire package (Blarquez et al., 2014),
from the respective P. glauca and P. mariana sites to obtain a composite mean lepidopteran scale

accumulation for each tree taxa.
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3.4 Results

3.4.1 Age-depth models, and lepidopteran scale and tree-ring proxy records

The age-depth models derived from *'°Pb measurements used to determine lepidopteran scale accumulations

displayed similar shapes and low variability in date estimates over the study period (1900-2019; Appendix
A). Lepidopteran scale accumulations, ring-width indices, and percent affected varied from site to site

(Appendix G).

3.4.2 Wavelet analyses

The individual continuous Morlet wavelet transforms revealed strong significant return intervals
(periodicities) in the scale and tree-ring records (Figure 3.1). Areas of significant high power in lepidopteran
scale abundance had a periodicity of 8 to 32 years in seven out of nine sites from 1950-2019 (Figure 3.1).
Areas of significant high power in the mean GSI, and percent affected also had a similar periodicity (8-32
years) for most of the study period (1900-2019) in seven of the nine sites (Figure 3.1). We observed areas
of high power for mean GSI over the entire study period at all sites except Site 2 and high power for percent

affected over the entire study period at all sites except Sites 1, and 2 (Figure 3.1).
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Figure 3.1: The power spectra of the paleo and tree-ring variables from 1900 to 2019. Warmer colours (red,
orange, yellow) indicate high power relative to a background signal generated by an autoregressive process
with a lag of 1, whereas cooler colours represent weaker power (Torrence and Compo, 1998). Statistically
significant zones of power were determined using a y” test (p<0.05) and are delineated by a thick black line
(Torrence and Compo, 1998). The light grey shading delineates the recommended zone of interpretation,
i.e., the cone of influence (Cazelles et al., 2008). Squares in the left hand corners of the spectra indicate the
tree species cored; white, Picea glauca; black, Picea mariana.

The cross-wavelet analysis between both proxies revealed fairly consistent areas of overlapping power
occurring at an 8-to-32-year periodicity of variable strength (Figure 3.2). Lepidopteran scales and mean GSI
showed areas of significant overlapping low power at periodicities between 8 to 32 years over the complete
period (1900-2019) (Figure 3.2). Phases did vary within the zones of significant overlapping power, and
also among sites. However, the circular mean for the entire significant zone indicated agreement when
greater scale accumulations corresponded to narrower ring widths at Sites 2, 3, 4, 5, and Bélanger (five of
the nine sites; Table 3.1). For all sites, cross-wavelet analysis revealed areas of significant high power
between lepidopteran scales and percent affected at periodicities of 8-to-32-years over the entire study
period (Figure 3.2). Additionally, the phasing varied within the zones of high significant overlapping power;
however, the circular mean calculated for the entire significant zone indicated agreement between the
records, in which greater scale accumulations corresponded with a greater percentage of defoliated trees at

Sites 2, 3, 4, 8, and Bélanger (five of the nine sites; Table 3.1).
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Figure 3.2: The power spectra resulting from the cross-wavelet analysis applied to the paleo and
dendrochronological records. Warmer colours (red, orange, yellow), indicate high common power relative
to red noise, an autoregressive process with a lag of 1, whereas cooler colours represent weaker power
(Torrence and Compo, 1998). Statistically significant zones of common power were determined using a x>
test (p<<0.05) and are delineated by a thick black line (Torrence and Compo, 1998). The arrows in the areas
of statistical significance help specify the type of association. Arrows pointing left indicate that the signals
are anti-phase, where a peak of one signal lines up with a trough of the other signal. Arrows pointing right
suggest that signals are in-phase, where peaks and troughs of both signals line up. Downward arrows
indicate that the scale record leads the tree-ring record by n/2, whereas upward arrows indicate the opposite.
The light grey shading delineates the recommended zone of interpretation, i.e., the cone of influence
(Cazelles et al., 2008). Squares in the left-hand corners of the spectra indicate the tree species cored; white,
Picea glauca; black, Picea mariana.

We observed a highly significant wavelet coherence between the scale and tree-ring records at a one-to-
four-year periodicity over the study period (Figure 3.3). Significant correlations were observed at higher
periodicities at Sites 2, 3, and 8 (Figure 3.3). The direction of the relationship between lepidopteran scales
and mean GSI varied and depended on the site; however, the circular mean in the zones of high correlation
(R?>0.80) indicated agreement between the proxy records, in which greater scale accumulations coincided
with narrower ring widths at Sites 1, 2, 3, 5, Buire, and Bélanger (six of the nine sites; Figure 3.3; Table
3.1). The circular mean in the zones of high correlation indicated an agreement between lepidopteran scales
and the percent affected series at Sites 1, 2, 3, 5, and Bélanger (five out of the nine sites; Table 3.1). Phases

did vary within the high correlation zones.
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Figure 3.3: The power spectra of the wavelet coherence analysis applied to the paleo and
dendrochronological records. Warmer colours (red, orange, yellow), indicate high common power relative
to red noise, an autoregressive process with a lag of 1, whereas cooler colours represent weaker power
(Torrence and Compo, 1998). Statistically significant zones of common power were determined using a x2
test (p<<0.05) and are delineated by a thick black line (Torrence and Compo, 1998). The arrows in the areas
of statistical significance help specify the type of association. Arrows pointing left indicate that the signals
are anti-phase, where a peak of one signal lines up with a trough of the other signal. Arrows pointing right
suggest that signals are in-phase, where peaks and troughs of both signals line up. Downward arrows
indicate that the scale record leads the tree-ring record by n/2, whereas upward arrows indicate the opposite.
The light grey shading delineates the recommended zone of interpretation, i.e., the cone of influence
(Cazelles et al., 2008). Squares in the left-hand corners of the spectra indicate the tree species cored; white,
Picea glauca; black, Picea mariana.

Agreement between both proxies at the individual outbreak level varied between site and depended on the
applied analysis (Table 3.1). We observed a more consistent outcome for the wavelet coherence analysis
(e.g., Sites 1, 2, 3, 8), although this consistency was site dependent. For example, we found consistent
agreement in wavelet coherence between both proxies for all outbreaks at Sites 1, 2, and 3. In contrast, the
wavelet coherence for Site 8§ showed continual disagreement between both proxies for all outbreaks.
Agreement for cross-wavelet analysis at the outbreak level was more variable, and only Lake Bois Joli

displayed a constant disagreement between both proxies for all outbreaks (Table 3.1).

343 Composite chronologies

By creating species-specific composite chronologies, we obtained a clearer signal of spruce budworm
impact for both proxies. The Picea glauca composite of lepidopteran scale accumulation revealed three
relatively distinct peak scale accumulations corresponding to the three 20" century outbreaks (Figure 3.4).
The ring-width index revealed three areas of growth suppression with three corresponding peaks in the
proportion of defoliated trees. We did observe, however, a consistent 10-year lag between scale and tree-
ring records. We only observed large lepidopteran scale accumulations in the P. mariana composite from
~2000 AD to 2019 (Figure 3.4). Similarly, the dendrochronological P. mariana composite revealed a major
growth suppression and an increased percent affected from ~2000 AD to 2019 (Figure 3.4). The signal of

the other outbreaks was less obvious for both proxy records (Figure 3.4).
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Figure 3.4: The Picea glauca and Picea mariana composite chronologies of the scale and tree-ring records.
The Picea glauca (left column) and Picea mariana (right column) comprise (a) the mean lepidopteran scale
accumulation, (b) the mean ring-width index (RWI), and (c) the proportion of affected trees (percent
affected). The P. glauca composite incorporates data from three sites. The P. mariana composite
incorporates data from six sites.

3.5 Discussion

Both the scale and tree-ring records record the impact of spruce budworm defoliation, and the signals are
relatively synchronous, validating the use of lepidopteran scales for reconstructing centennial to multi-
millennial spruce budworm population fluctuations. Lepidopteran scales are assumed to be a direct measure
of the size of the adult moth spruce budworm population as their count represents the changing insect
biomass around a lake over time (a stand-level phenomenon), with a greater count at a particular depth
reflecting a larger budworm population. This assumption is based on prior knowledge of the insect’s biology,

including life cycle and development, feeding behaviour and impacts (e.g., Baskerville, 1975; Cooke et al.,

49



2007 Royama et al., 2005, 2017; Nealis, 2016), and the epidemiology of past outbreaks (e.g., Blais, 1983,
1985b; Morin, 1994; Jardon et al., 2003; Boulanger et al., 2012). In addition to representing changes in adult
spruce budworm populations, lepidopteran scale accumulations are correlated with severe annual defoliation
(Tremblay, 2022), indicating that greater accumulations may reflect more severe events. However, despite
a relatively quick incorporation into the sediment record (Tremblay, 2022), the lepidopteran scale signal is
affected by the rate of sediment deposition and mixing both highly variable among lakes, and even within
a given lake (Bennett and Buck, 2016). There is also error associated with the dating of the sediment record
(e.g., Higuera et al., 2005) producing artificial lags or asynchrony between the sediment record and the tree-

ring record.

The tree-ring record, from which the mean GSI and percent affected variables are derived, is an indirect
indicator of the spruce budworm presence. Specifically, mean GSI requires the growth records of several
individual trees to obtain a mean stand-level growth pattern. An individual tree’s reaction, i.e., the
production of narrower growth rings, to a defoliation event is nonetheless unique in that multiple
contributing factors, such as site conditions (e.g., MacKinnon and MacLean, 2003), species composition
(e.g., Su et al., 1996; Campbell et al., 2008; Colford-Gilks et al., 2012; Chen et al., 2019), genetics (e.g.,
Mageroy et al., 2014; Méndez-Espinoza et al., 2018), age (MacLean, 1984; Krause et al., 2003), and tree
height (Reams et al., 1988; Lavoie et al., 2019) can influence the extent, and speed that a tree exhibits growth
suppression (e.g., Ericsson et al., 1980; Bauce et al., 1994; Houndode et al., 2021). The reaction and response

time thus introduce variation in the mean stand growth to obscure the spruce budworm signal.

The percent affected metric, also based on tree ring widths, reflects the proportion of trees affected by the
spruce budworm. More specifically, it is binary; depending on the applied defoliation threshold, a tree is
counted as having been defoliated or not (Guiterman et al., 2020). Contrary to the mean GSI, which
quantifies the change in the mean stand-level growth over time, percent affected is a coarser measure of the
spruce budworm’s impact on the stand because it testifies to changes in the proportion of trees considered
as defoliated over time (Guiterman et al., 2020). However, both are based on the survivors of past outbreaks
and other disturbances. Therefore, these survivors of past defoliation events may not necessarily reflect the
true severity of the event (Jardon et al., 2003; Bouchard et al., 2006; Pothier et al., 2012). Moreover,

harvesting and wildfires may remove trees that likely recorded a spruce budworm signal. Those remaining
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trees tend to be younger and typically less affected by defoliation (MacLean, 1980, 1984; Krause et al.,
2003). Finally, the tree species may influence the recorded spruce budworm signal. Defoliation on white
spruce is reliably recorded (Blais, 1958, 1962, 1983; Bouchard and Pothier, 2010), whereas the defoliation
signal in black spruce may not be as clear (Blais, 1957, 1962) despite their use in reconstructing outbreaks
(e.g., Tremblay et al., 2011; Krause et al., 2012). Therefore, it is important to note that although the tree-
ring record is more temporally precise than the paleo proxy, recorded annual changes in growth depend on
survivors, and incorporate large amounts of variability such that annual changes in local defoliator

populations cannot be directly inferred from this record (e.g., Swetnam and Lynch, 1993).

Both the scale and tree-ring records highlighted strong significant return intervals i.e., periodicities, in
spruce budworm populations. The strong return interval signal identified by both proxies typically ranged
from 16 to 32 years over the study period likely reflects the 20" century return interval of spruce budworm
outbreaks that occurred every 30 to 40 years at the landscape scale (Blais, 1983, 1985a; Morin and Laprise,
1990; Jardon et al., 2003; Boulanger and Arseneault, 2004). The similar intervals identified indicate that
both proxies detected spruce budworm impacts. A strong lepidopteran scale signal occurred in the latter half
of the 20" century but was not observed in the first half. This pattern was evident at most sites, and may be
due to little variability in scale accumulations from 1900-1950 which may have been amplified by the
interpolation process making it difficult to distinguish peaks from background accumulations in
combination with the shortening of the scale record to match the dendrochronological record (Appendix G).
Conversely, we observed a strong signal in the dendrochronological data set over the entire study period
(1900-2019) for both mean GSI and percent affected. However, the strength, return intervals, and time over
which the signal was observed in both the scale and tree-ring records were site dependent. For example, at
Site 4 a strong signal is observed in mean GSI and percent affected prior to 1950 but not after 1950,
meanwhile we observed a strong signal the scale record after 1950. Conversely, Site Bois Joli displayed a

strong signal in both proxy records throughout the study period.

The cross-wavelet analysis also identified zones of strong signal strength (high (significant) common power)
at intervals of 16 to 32 years over the study period (1900-2019), suggesting that both proxy records, relative
to one another, detect periods of high spruce budworm impact. However, we observed a difference in the

strength of overlapping power when comparing lepidopteran scales to the mean GSI instead of percent
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affected. Although significant, the weak overlap in power in the mean GSI signal relative to the percent
affected signal may be because the accumulation of lepidopteran scales reflects the stand-level phenomenon
of insect biomass around a lake. Mean GSI on the other hand, using the mean annual ring width of the stand
(Swetnam et al., 1985; Swetnam and Lynch 1989; Guiterman et al., 2020), may introduce more tree-level
variability. Although a general pattern may emerge, a fuzzier signal occurs in years when a single tree
expresses good growth, and the majority do not. A coarser representation of the spruce budworm impact is
derived from the percent affected variable, which relies on a binary approach (defoliated or not) on the basis
of predetermined thresholds, to determine the proportion of defoliated trees in a stand (Guiterman et al.,
2020). The percent affected variable represents better a stand-level phenomenon. The stronger overlap of
high common power between lepidopteran scales and percent affected is therefore likely, as both variables
measure the effects at similar spatial scales (i.e., the stand). In contrast, the mean GSI measures the tree-
level effects and obtains an average outcome for the stand noting, however, that in this study a non-host

correction could not be applied.

Wavelet coherence revealed a significant correlation over a short time period between the scale and tree-
ring records, suggesting that the signals were synchronous. This correlation was typically observed at return
intervals of four years or less, although the periodicity ranged from 0 to 16 years. Here, the return intervals
can be interpreted as the time required for the proxies to record the spruce budworm signal. The zero-to-
four-year return interval between the signals likely results from a combination of the time required for scale
incorporation into the sediment, potential errors associated with the dating of the sediment core that carry
over into the age—depth models for each core (e.g., Higuera et al., 2005), and the lag of two to four years
after the onset of an outbreak for defoliation to become apparent in individual trees (Krause and Morin,
1995; Krause et al., 2012). However, we also recorded a significant correlation at longer intervals, and the
implications of this remain unclear. A significant correlation at a interval >16 years was present in the latter
half of the 20™ century for sites 2, 3, 4, and 8. These zones of high correlation may result from chance,
producing a spurious correlation between the proxy records at longer intervals. Timber harvesting occurred
regularly around lakes 2, 3 and 8 in the latter half of the 20" century (Table 3.1 and Appendix G), likely
altering host-tree proportion and dictating which individual trees remained onsite creating monotonous
signals in both proxies resulting in spurious correlations. For example, the effect of past and current
harvesting is well demonstrated within Site 2, as neither individual proxy exhibits a strong signal (zones of
significant power). Curiously, the proxies at Site 2 still exhibit a significantly strong correlation, most likely

spurious. The correlations of greater than four years observed at Site 4 may stem from the fires within the
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site in 1951 and 1985 to produce spurious correlations at these longer periodicities. Therefore, site history
can influence the spruce budworm signal recorded by the lepidopteran scales and tree rings to potentially
produce variable areas of high power, dampen one or both signals, and ultimately affect detected correlations.
Finally noting that strong signals at other return intervals may also be the result of mathematical artifacts
such that multiples of a particular return interval may be highlighted. In this case, the biologically relevant
32-year interval would be identified along with the mathematically, but not, biologically relevant intervals

of 8 or 16 years.

Wavelet analysis revealed that sedimentary lepidopteran scale and tree-ring records identify spruce
budworm outbreaks (both individually and when compared with each other), and their signals are
synchronous. The early part of the statement is supported by the presence of areas of high power (red zones;
Figures 3.1, and 3.2) that may be significant (thick black line; Figure 3.1, and 3.2) in the individual and
cross-wavelet spectra coinciding with the approximately 30-year spruce budworm outbreak cycle (30-year
period along the y-axis; Figures 3.1, and 3.2). The latter part of the statement is supported by the presence
of areas of high significant power within one to four years in the wavelet coherence spectra (Figure 3.3).
The final piece of interpretation involves assessing the phases (arrows in the cross-wavelet and coherence
figures; Figures 3.2 , and 3.3 the relationship summarized in Table 3.1) to characterize the relationship
between the two proxies. The average directionality of the arrows indicates that both proxy records agree
when large lepidopteran scales accumulation coincides with narrow tree rings or when large lepidopteran
scale accumulation coincides with a large proportion of affected trees (Table 3.1). However, this agreement

between proxies at the outbreak level was highly variable suggesting a complex relationship (Table 3.1).

The signal obtained from the composite chronologies was species-dependent. We observed a clear signal in
the P. glauca composite with distinct periods of high lepidopteran scale accumulations, growth suppression,
and large proportions of defoliated trees. This finding agrees with previous studies that demonstrated white
spruce to be a good recorder of spruce budworm outbreak events (e.g., Blais, 1958, 1962; Bouchard and
Pothier, 2010), and our recorded periods coincide very well with known outbreak periods of 19121929,
1949-1959, 1975-1992 (e.g., Morin and Laprise, 1990; Morin, 1994; Boulanger and Arseneault, 2004;
Boulanger et al., 2012). However, there was a consistent 10-year lag between the lepidopteran scale

accumulations and the dendrochronological variables, which is likely an artifact of sediment dating errors

53



(see Higuera et al,. 2005), and possibly also owe to the process of incorporation of lepidopteran scales into
lake sediments including bioturbation, erosion redeposition and subaqueous slumping as observed in

sedimentary charcoal (see Conedera et al., 2009).

In contrast, the P. mariana composite record was not as clear as that for P. glauca. We recorded periods of
growth suppression around 1915, 1950, and 1980, although the latter two low-growth periods were not very
evident. The current outbreak was clear in the composite record. The latter peak coincides with a peak of
lepidopteran scale accumulations ca. 2000 to 2019 likely reflecting the current outbreak. Composite
chronologies are therefore the most accurate method when interpreting lepidopteran scales at a regional
scale because they reduce variability associated with site history and lake-level taphonomical processes and
help circumvent the inability of every lake to record every outbreak, as outbreak severity is autocorrelated
temporally (Jardon et al., 2003; Bouchard et al., 2006). This is especially important as there does not appear
to be a particular suite of site properties, based on the current data used in this study, that govern precise

and accurate spruce budworm event reconstructions (Table 3.1).

Our study demonstrated that lepidopteran scales and tree ring-derived variables recorded the impact of 20™-
century spruce budworm outbreaks equally well and that the signals obtained from these proxies were
(relatively) synchronous. A key takeaway from this study is that using a multi-proxy approach is essential
for reconstructing past disturbances. Comparison of proxy records can determine whether events are equally
well recorded in time and help better interpret the magnitude of a given event. More importantly, multiple
lines of evidence provide a more robust interpretation of past disturbance events because differential
recording abilities of the archives and the varying degree of influence by site history. Both lepidopteran
scales and tree-ring widths performed equally well in recording the impacts of the spruce budworm,
indicating that both proxies are reliable for longer-term reconstructions. As more lakes are sampled and
long-term spruce budworm chronologies are obtained from lepidopteran scales, composite scale-tree-ring
chronologies offer the best means of assessing the regional impact of the spruce budworm at centennial and
millennial scales. Finally, given the current sample size and site information, it is difficult to determine
which site properties favour the most precise and accurate reconstructions of spruce budworm populations

and thus requires further study.

54



3.6  Acknowledgements

We thank Dr. Murray Hay for constructive feedback on earlier versions of the manuscript. Frangois Gionest

for help in the field, and Marika Tremblay and Guillaume Vigneault for help in the laboratory.

3.7 Funding

The author(s) received funding from the ‘Chaire de recherche industrielle CRSNG sur la croissance de
I’épinette noire et ’influence de la tordeuse des bourgeons de I’épinette sur la variabilité des paysages en

zone boréale’. *'’Pb age determination was funded by this.

55



CHAPTER 4
HOLOCENE RECONSTRUCTION OF THE TWO MAJOR DISTURBANCES IN THE
MIXED BOREAL FOREST SUGGESTS A LONG-TERM NEGATIVE INTERACTION

4.1 Abstract

Characterizing millennial and multi-millennial variability in disturbance regimes will be crucial in
improving knowledge within the context of a changing climate and the development of sustainable forest
management practices in the eastern Canadian mixed boreal forest. The major biotic and abiotic
disturbances in the mixed boreal forest are the spruce budworm, and wildfire, respectively. The ability to
reconstruct the variability of these disturbance agents under different climate conditions over long time
periods will help elucidate the interaction between the agents and their dynamics in the mixed boreal forest.
The objective of this observational study was to reconstruct the frequency of large spruce budworm
population (LSBP) and wildfire disturbance events, and describe their interaction in the mixed boreal forest
over the course of the Holocene within the context of changing vegetation and climatic conditions.
Lepidopteran scales and sedimentary charcoal were used to reconstruct the local/extra-local disturbance
history from lake sediment along with pollen to reconstruct changes in tree species composition
(Abies:Picea ratio). Spruce budworm and wildfire disturbance events were determined using the
CharAnalysis software. Regime shifts in disturbance event frequencies along with changes in tree
composition were detected using Sequential T-test Analysis of Regime Shifts (STARS). Spearman’s
correlation was used to determine the type of relationship between spruce budworm and wildfire event
frequencies. Over the course of the Holocene, 57 LSBP events and 76 wildfire events were detected with
event frequencies ranging between 0.75-6.30 events*kyr” and 1.71-10.5 events*kyr ' respectively. Nine and
seven regime shifts in LSBP and wildfire event frequencies were detected respectively, along with two shifts
in the Abies: Picea ratio. A significant negative correlation was observed between LSBP and wildfire event
frequencies at the millennial scale over the course of the entire Holocene except from 1196-196 BP which
exhibited a significant positive correlation. The first local lake sediment multi-millennial disturbance regime
reconstruction comprising both spruce budworm and wildfire in the mixed forest revealed the potential
existence of two disturbance-vegetation feedback loops, and a particular climate-fire-budworm interaction.
The significant negative correlation observed between wildfire and LSBP event frequencies suggests a
linked disturbance interaction where each disturbance establishes a positive disturbance-vegetation
feedback loop that favours itself and inhibits the occurrence of the other. Further, rapid climate change

events may act as a key trigger in establishing the respective disturbance-vegetation feedback loops.
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4.2  Introduction

Within the context of increasing variability in temperature and precipitation (Easterling et al., 2000), the
effects of forest disturbances are expected to be exacerbated (Dymond et al., 2010; Millar and Stephenson,
2015; McDowell et al., 2020). Greater tree mortality is likely to result from forest disturbances acting
synergistically with other drivers (Allen et al., 2010, 2015; Hart et al., 2014, 2017; De Grandpré et al., 2019).
Warming temperatures may create conditions favourable to more frequent fire by increasing ignition rates
through greater fuel availability which is expected to result in more intense and/or severe fires (Westerling
et al., 2003, 2006, 2011; Flannigan et al., 2009, 2013). Similarly, warming temperatures have the potential
of favouring insect development and overwintering survival (Ayres and Lombardo, 2000; Berg et al., 2006;
Bentz et al., 2010), resulting in larger populations and more severe insect outbreaks (Murdock et al., 2013;
Weed et al., 2013), noting however, that during diapause prolonged periods of warm temperatures may
negatively affect survival (Régniére et al., 2012). Moreover, in response to such changes in temperatures,
distribution of insect outbreaks may shift into historically novel habitats in response to a changing climate
(Jepsen et al., 2008, 2011; Régniére et al., 2012; Erbilgin et al., 2014), and/or result in feeding on host
species that were formerly protected due to phenological asynchronies (Pureswaran et al., 2015, 2019;
Fuentealba et al., 2017). Given the uncertainty surrounding disturbance regime behaviour under current
climatic variability, potential analogs may be found by looking to past climate shifts and their effects on

disturbance regimes.

The Holocene is a geological epoch that spans from roughly 11,700 years ago to the present (just after the
preindustrial era) that experienced 3 major climate periods: the Early Holocene (EH; 11,700 BP-7000 BP;
before present, present refers to the year 1950), the Holocene Thermal Maximum (HTM; 7000-4200 BP),
and the Neoglacial (4200 BP- present) (Walker et al., 2012; Wanner et al., 2015; Shuman and Marsicek,
2016). Pre-7000 BP conditions were generally dry (Lavoie and Richard, 2000; Muller et al., 2003; Shuman
and Marsicek 2016), and temperatures rapidly increased (Wanner et al., 2015; Zhang et al., 2016., 2017;
Neil and Gajewski 2018). Following the collapse of the Laurentian Ice Sheet (Renssen et al., 2009; Marcott
et al., 2013), and despite moisture variability (Lavoie and Richard 2000; Muller et al., 2003; Viau and
Gajewski, 2009), the warm stable temperatures of the HTM (Viau and Gajewski, 2009; Shuman and
Marsicek 2016; Neil and Gajewski 2018), favoured prompt postglacial vegetation recolonization (Blarquez

and Aleman 2016). The last period was generally humid (Lavoie and Richard, 2000; Muller et al., 2003;
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Shuman and Marsicek 2016) and underwent cooling (Wanner et al., 2008, 2011; Marsicek et al., 2018) but
encompassed a brief dry period of warming (Medieval Climate Anomaly 1000-700 BP; MCA) and cooling
(Little Ice Age 550-250 BP; LIA; Mann et al., 2009; Viau et al., 2012; Lafontaine- Boyer and Gajewski,
2014) ending with a rapid rate of warming (Renssen et al., 2012). Within these major climate periods,
punctual rapid significant climate change events occurred (Mayewski et al., 2004; Wanner et al., 2011),
associated with ice raft debris events (Bond et al. 1997, 2001; outbursts of freshwater), that likely affected
changes in oceanic (Broecker, 1997, 2003; Tornqvist and Hijma 2012) and atmospheric circulatory patterns
(Smith et al., 2016; Deininger et al., 2017) likely altering climate conditions in Europe and eastern North
America affecting vegetation (Viau et al., 2002, 2006; Pal et al., 2018) and wildfire (Florescu et al., 2019).
The Holocene, given its past climate variability, therefore, is an appropriate period to study potential

changes in disturbance regime behaviour.

Currently, the mixed boreal forest of Québec is dominated by two major forest disturbances: the spruce
budworm and wildfire. The spruce budworm [Choristoneura fumiferana Clemens] is a native lepidopteran
defoliator and is the major biotic disturbance in the mixed boreal forest (MacLean, 2016; Nealis, 2016;
Pureswaran et al., 2016). As a larva, the spruce budworm preferentially feeds on current year’s needles of
mature balsam fir [4bies balsamea (L.) Mill], its primary host, also feeding on older needles when necessary
(Piene, 1989) along with the needles of secondary hosts (Hennigar et al. 2008). Severe defoliation can result
in tree mortality especially in balsam fir (MacLean, 1980, 1984; MacLean and Ostaff 1989), resulting in the
formation of canopy gaps favouring the regeneration of balsam fir (Kneeshaw and Bergeron, 1996, 1998,
1999), along with its establishment in the canopy from preestablished seedlings and/or saplings (Bouchard
et al., 2005, 2006, 2007). Incidentally, a greater proportion of balsam fir in a stand will also engender a
greater probability of spruce budworm outbreaks, thereby establishing a positive disturbance-vegetation
feedback loop (Baskerville, 1975; Morin, 1994) leading to episodic outbreaks (Cooke et al., 2007; Nealis
2016). This feedback loop has likely existed since the postglacial recolonization of the landscape by balsam
fir (Simard et al., 2002, 2006, 2011; Navarro et al., 2018b).

Wildfire is the major abiotic disturbance in the mixed boreal forest. Climate and fuels play a substantial role
in modulating wildfire disturbance regimes (Macias Fauria et al., 2010; Ali et al., 2012; Blarquez et al.,

2015). Climate is described as a top-down control affecting ignition, fire spread, and intensity by influencing
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fuel combustibility through temperature and humidity (Wotton et al., 2010; Woolford et al., 2014; Molinari
et al., 2018). Long-term climate will influence fuel availability in the form of biomass, where in drier areas
there is less vegetation and thus less fuel to burn, while in moister, more productive areas there is the
possibility of greater fuel accumulation (Littell et al., 2016; He and Lamont, 2018; McLauchlan et al., 2020).
Further, climate will influence the species composition (i.e., proportion of coniferous and deciduous trees)
of an area which can in turn affect subsequent burning (Hély et al., 2000, 2020; Girardin et al., 2013;
Blarquez et al., 2015), while burn frequency and severity can also dictate which plant species will be present
due to differential species regeneration strategies and requirements (Burns and Honkala, 1990; Keeley et al.,
2011; Pausas, 2015). Therefore, there is the potential for the establishment of a positive feedback loop; fire-
tolerant species may facilitate fuel structures that favour fire in the stand (e.g., lodgepole pine or black
spruce; Rogers et al., 2015; Lamont et al., 2020), and the act of burning at particular frequencies then favours
the establishment and propagation of the fire-tolerant species (Dantas et al., 2016; Harrison et al., 2021). In
the mixed boreal forest, stand composition will generally be dominated by deciduous species following
wildfire (Bergeron, 2000; Couillard et al., 2021), however this is dependent on wildfire event frequency or

time since last fire, along with the surrounding composition.

In addition to potentially forming their own disturbance-vegetation feedback loops, these two major forest
disturbances are able to interact with one another through forest legacies such as changes in forest
composition and structure (Buma and Wessman, 2011, 2012, 2013; Buma 2015). Generally, disturbance
interactions can be categorized as being linked or compound (Simard et al., 2011; Kleinman et al., 2019;
Burton et al., 2020). A linked disturbance interaction implies that the preceding disturbance alters stand
structure and/or composition in such a way that the occurrence, extent, frequency and/or severity of the
subsequent disturbance is affected (Simard et al., 2011). For example, the fuel structure and ensuing fire
severity of a bark beetle infested stand is modulated by the time since the outbreak (Page and Jenkins,
2007a,b; Simard et al., 2011; Hicke et al., 2012). Similarly, insect defoliation occurring in dry coniferous
forests limits available fuel and will reduce fire severity (Lynch and Moorcroft, 2008; Cohn et al., 2014).
Alternatively, a compound disturbance interaction generally involves two disturbances occurring
simultaneously or in quick succession having a greater effect together than each disturbance acting on its
own (Paine et al., 1998; Simard et al., 2011). A clear example is the tree mortality resulting from a drought
shortly followed by an insect outbreak (Hart et al., 2014, 2017; De Grandpré et al., 2019), or the severity of
a fire preceded by a drought (Flannigan et al., 2013; Jolly et al., 2015; Millar and Stephenson, 2015). In the

mixed boreal forest, the spruce budworm and wildfire appear to exhibit a linked disturbance interaction.
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Over short time-scales, defoliation alters fuel structure in a manner increasing fire hazard (Stocks, 1987;
Watt et al., 2018, 2020), fire occurrence (Fleming et al., 2002; Candau et al., 2018), and fire risk (James et
al., 2017), meanwhile over decades to centuries, the relationship appears to be antagonistic by decreasing
the availability of live ladder fuels (Sturtevant et al., 2012). Similarly over millennia, the interaction also
appears to be negative, where one disturbance would inhibit the other (Navarro et al., 2018b) although the

mechanisms behind the interactions have not yet been investigated.

Understanding past variability in disturbance regimes and their interactions given different climate phases
and events during the Holocene will be key in elucidating the past disturbance dynamics of the mixed boreal
forest ecosystem. For example, wildfire or spruce budworm events may predominately affect the mixed
boreal forest under certain climate and/or vegetation conditions revealing information about possible system
thresholds (Scheffer et al., 2001; Scheffer et al., 2012). Identifying such thresholds help characterize the
forest’s ecosystem state landscape (Scheffer and Carpenter, 2003) and potentially reveal factors that may
move the ecosystem within this landscape and/or shape this state landscape (Scheffer et al., 2003; Van Nes
et al., 2007; Scheffer and Van Nes, 2007). Furthermore, rapid significant climate change events such as
Bond Events (Bond et al., 1997, 2001; Mayewski et al., 2004) may modulate disturbance regimes as
observed in changes in sedimentary charcoal accumulations and fire frequency in Europe (Florescu et al.,
2019), or alter vegetation (Pal et al., 2018) with the potential of changing the interaction between
disturbances. Therefore, the long-term reconstruction of past disturbance regime variability may provide
insights and reveal conditions that could serve as potential analogs helping guide current and future forest

management decisions and practices (Swetnam et al., 1999; Landres et al., 1999; Hennebelle et al., 2018).

The purpose of this observational study is to reconstruct the variability in frequency of wildfire and large
spruce budworm population (LSBP) disturbance events in the mixed boreal forest over the course of the
Holocene, and to characterize the long-term interaction between the two agents within the context of
potentially changing vegetation and incursions of rapid significant climate change events. In the mixed
boreal forest, following postglacial recolonization by balsam fir, it is expected that the spruce budworm will
be the dominant disturbance due to the near constant availability of host-trees, and the subsequent
implementation of a positive feedback between the insect and its host; presence of host-trees favour spruce

budworm outbreaks, and spruce budworm outbreaks create favourable conditions for host-tree regeneration
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and establishment in the canopy. However, prior to the arrival of balsam fir, wildfire is expected to be the
dominant disturbance in the mixed boreal forest; tree species composition prior to the establishment of
balsam fir is expected to be more fire-tolerant (Blarquez et al., 2015; Blarquez and Aleman, 2016), and
therefore promote more fire-prone conditions (Hély et al., 2000, 2010, 2020; Girardin et al., 2013). Further,
cooler and drier conditions are expected to favour the implementation of the wildfire disturbance-vegetation
feedback loop as such conditions have led to greater fire frequency during the Holocene (Carcaillet et al.,
2001a) while likely negatively affecting insect development and survival (Ayres and Lombardo, 2000;
Bentz et al., 2010) reducing LSBP events. Finally, an inverse relationship, or negative correlation between
the two disturbance agents at millennial and multi-millennial time-scales is expected (e.g., Navarro et al.,
2018b) due to ‘competition’ for a limited and changing resource i.e., tree species biomass will vary through

time.

4.3  Methods
4.3.1 Site description and field sampling

Lake Buire (48.16540°N, -70.57077 °W) is a small lake 1.3 ha in size, ca. 3.4 m deep with limited inflow
and outflow. It is found in the Abies balsamea-Betula papyrifera bioclimatic zone (Rowe, 1972; Saucier et
al., 1998; Saucier et al., 2009) at 244 m asl, surrounded by rolling terrain, and is in an area that has sustained
heavy spruce budworm defoliation (=75%) from 1974—1984 and from 2016 to the time of sediment sampling
(fall 2018; MFFP 2021a). The stand composition around the lake at the time of sampling, in decreasing
order of relative abundance, consisted of: trembling aspen [Populus tremuloides Michx.], paper birch
[Betula papyrifera Marshall], balsam fir [Abies balsamea (L.) Mill], black spruce [Picea mariana (Mill.)
Britton, Sterns & Poggenburg], white spruce [Picea glauca (Moench) Voss], and yellow birch [Betula
alleghaniensis Britt.] (MFFP 2021b). The sediment column of lake Buire was sampled by using a gravity
corer (Renberg, 1991; Renberg and Hansson, 2008), and a modified Livingstone corer (Wright Jr. et al.,
1984) to obtain, respectively, the lake-sediment interface, and the remainder of the column as overlapping
1 m segments. The latter were wrapped in Saran Wrap'" and placed in ABS plumbing tubes for transport
and storage. Sediment from both core types were sampled at a 1 cm resolution. This was done in the field
for the gravity corer segments while the Livingstone segments were divided in the laboratory. All samples

were stored at 4°C until they were ready for processing.
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4.3.2 Sediment core chronology, composition, and forest composition

The chronological framework of the sediment core was determined using a combination of *'’Pb and
radiocarbon (*C) dates to most accurately reconstruct the recent (last 150 years or so) and deep site history
(thousands of years), respectively. *'°Pb activity measurements at 6 depths (0-1, 2-3, 5-6, 9-10, 14-15, and
24-25 cm) in the top 25 cm, of the gravity core was obtained by Flett Research Ltd (Winnepeg, MN, Canada)
from which an age-depth model was derived using the Constant Rate Supply model (Appleby and Oldfield,
1983; Binford, 1990). Macrofossils (leaves, needles, and seeds of terrestrial vegetation) were extracted at
50 cm intervals along the entire sediment profile and sent to the Radiocarbon Laboratory of the André E.
Lalonde AMS Laboratory at the University of Ottawa (Ottawa, ON, Canada) to obtain '*C dates.
210

Radiocarbon dates and “ "Pb dates were combined in the rbacon package (Blaauw and Christen, 2011;

Blaauw et al., 2021) in the R environment (R core Team, 2021) to derive an age-depth model for the core.

In addition to establishing a chronological framework, core composition along with the successional context
of the forest surrounding the lake was determined. Magnetic susceptibility of the sediment along the entire
core profile was conducted using the Bartington MS2 System (Dearing, 1999). Magnetic susceptibility helps
distinguish between organic and inorganic matter aiding in the identification of any run-off, erosion,
flooding or sediment mixing events (Thompson et al,. 1975; Dearing and Flower, 1982; Da Silva et al.,
2015). Values will typically fluctuate between 1 and -1 (SI units) where higher positive values indicate a
higher proportion of inorganic material present in the sediment while slightly negative values or those
occurring around 0 suggests that the core is composed of organic matter (Dearing, 1999). The successional
context of the forest was determined by extracting and identifying arboreal pollen found in 1 cm® from the
1 cm core slices corresponding to an approximately 100-year sampling interval (Appendix H). Pollen
extraction and identification was done using standard procedures (Faegri and Iversen, 1989) at I’Université
de Montréal Palynology service laboratory. The ratio between the percent of A. balsamea pollen and P.
mariana pollen was calculated at each corresponding 100-year interval. Both the magnetic susceptibility
and pollen extraction and identification were done in an effort to better interpret the potential changes in

disturbance regimes and their interactions through time.

62



4.3.3 Charcoal and lepidopteran scale sample preparation and processing

Two 1 cm’® punches (‘subsamples’ from herein) were extracted from each 1 cm slice along the core profile
for lepidopteran scale, and charcoal analysis. Charcoal subsamples were placed in bleach (10% NaOC]) for
a period of at least 24 hours to deflocculate the sediment and to facilitate charcoal particle identification
relative to organic matter (Blarquez et al., 2010). The subsamples were sieved using a 150 um mesh,
attempting to retain charcoal remains from local fires (Clark and Royall, 1995; Clark et al., 1996, 1998;
Carcaillet et al., 2001b; Higuera et al., 2007). The retained charcoal remains were identified under a
dissecting microscope coupled with a camera. The charcoal surface area (mm®) in each subsample was

quantified in the WinSEEDLE software (Regent Instruments Canada Inc. 2019).

Lepidopteran scale sample preparation followed a modified protocol from Navarro et al., (2018a). The
subsamples were deflocculated in 20% KOH at 17 psi and 121°C for 30 minutes in a steam sterilizer (Amsco
unit by Steris), wet sieved using a 53 pm mesh and the retained sediment put into 50 mL centrifugation
tubes. Twenty millilitres of sucrose solution (relative density: 1.24) was added to the tubes, and these were
centrifuged at 4500 rpm for 20 minutes at 21°C. The supernatant from each tube was removed and discarded
while 25uL of 1% lactophenol cotton blue stain was added to the pellet in order to facilitate scale
identification before being mounted on microscope slides for subsequent counting of the scales at 10X

objective magnification (Tremblay, 2022).

4.3.4 Charcoal and lepidopteran scale event identification

The CharAnalysis software and procedure (Higuera, 2009; Higuera et al., 2010) was used to reconstruct
periods of large adult spruce budworm populations and wildfire history over the course of the Holocene.
The raw accumulation rates were interpolated to a constant time-step using the median sampling resolution
(Ciny). From the interpolated accumulation rates (Ci,) the background accumulation rates (Cyak) Were
determined using a LOWESS robust to outliers with a 500-year smoothing window to differentiate between
the low and high frequency signals. The high frequency signal (Cpex) Was isolated by subtracting the
background accumulation rates (Cyack) from the interpolated accumulation rates (Ciy). Noise (Cyoise) found
within the high frequency signal was estimated using a Gaussian mixture model (Gavin et al., 2006; Higuera
et al., 2010), and in an effort to remove this leftover noise that could result from sediment mixing (Cyoise), @

local threshold, within a 500-year window and using the 99" percentile, was applied to identify lepidopteran
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scale and charcoal peak events (Cg,). The peak events (Cg,.) were subjected to a ‘minimum count criterion’
(Higuera et al. 2010), which determined whether two peaks were in fact two individual events, or if the two
peaks originated from the same event. Finally, spruce budworm and wildfire peak event frequencies
(number of events/1000 years) were calculated and then smoothed using a LOWESS with a 500-year

window.

The 500-year smoothing window used to determine background accumulation rates, local thresholds, and
smoothing of peak frequency was applied to both disturbances for comparability between disturbances and
among studies. Background accumulation rates have typically been estimated using roughly 3 times the
disturbance’s return interval (Carcaillet et al., 2009; Blarquez et al., 2010). The spruce budworm outbreak
return interval in recent history has been 30 to 40 years in the mixed boreal forest (Blais, 1983, 1985a; Morin
and Laprise, 1990; Boulanger and Arseneault, 2004) which would result in an approximately 100-year
smoothing window, while the fire return interval in Abies balsamea-Betula papyrifera type ecosystems
appears to be around 300 years based on the estimates of Frégeau et al., (2015), Couillard et al., (2013), and
Couillard et al., (2021) which would yield a smoothing window of approximately 900 years. However, to
apply a robust local threshold to estimate spruce budworm events, a window of around 400 years would
have been required to include at least 30 samples (Higuera et al., 2010). Finally, preliminary analyses
revealed that the 500-year window-width yielded the highest Signal-to-Noise Ratio and Goodness of Fit
values where shorter or longer widths yielded less conservative or more conservative event estimates
respectively. Therefore, the 500-year window-width used in this study is a trade-off between biological and

statistical considerations, and allows for a comparison with the results obtained by Navarro et al., (2018b).

4.3.5 Charcoal and lepidopteran scale regime shift analysis

Sequential T-test Analysis of Regime Shifts (STARS; Rodionov, 2004; Rodionov and Overland, 2005;
Rodionov, 2006) was used to detect any changes in the observed disturbance event frequencies and
vegetation composition over the course of the Holocene in the R environment (R core team, 2021). Prior to
this analysis peak spruce budworm and wildfire event frequencies were estimated using a Gaussian kernel
density function, that was bootstrapped with 1000 replicates, with a 200-year window width while applying
a correction for edge bias (Mann, 2004; also see Mann, 2008) with the kdffreq function in the paleofire R
package (Blarquez et al., 2014), based on the events identified by CharAnalysis. The 200-year window was

64



selected as it was the best compromise between retention of variance and number of samples used to
calculate the frequencies within the window (Appendix I). A 200-year cut-off was applied at the beginning

and the end of the chronology in order to remove any edge effects that could affect subsequent analysis.

The STARS method was used to identify change points in the respective disturbance event frequency and
pollen accumulation time series over the course of the Holocene by comparing each observation to the
previous observations and determining whether a regime shift has occurred (Rodionov, 2004; Stirnimann et
al., 2019; details in Appendix J). This analysis was done using a running window of specified width, /,
within which a Student’s t-test was performed determining whether the new observation was part of a new
regime or not (Rodionov, 2004; Stirnimann et al., 2019). A potential change point, ¢, was identified when
the mean value of the new regime exceeded the range established by the old regime (Rodionov, 2004;
Rodionov and Overland, 2005). If the cumulative sum of the normalized deviations, the Regime Shift Index
(RSI), at each potential change point remained positive then a regime shift was detected, and the opposite

was true if the RSI became negative (Rodionov 2004; Rodionov and Overland 2005).

The rstars function (Stirnimann et al., 2019) was applied to each disturbance regime peak frequency time
series along with the ratio between balsam fir and black spruce pollen accumulations (4bies:Picea ratio)
using a window-width representing 1001 and 1000 years respectively. The window-width was selected to
be large enough to encompass successional turnover based on the lifespan of the trees found in the mixed
boreal forest, typically living no longer than approximately 300 years in the case of balsam fir and black
spruce (Burns and Honkala, 1990; Bergeron, 2000), while also remaining short enough to fit within the main
known climate periods of the Holocene i.e., the EH, HTM, and Neoglacial which encompassed the MCA,
and the LIA, and pre-industrial era (Walker et al., 2012). Neither of the disturbance event peak frequencies
nor the Abies:Picea ratio time series were prewhitened as the disturbance series were obtained from the
rigorous procedure applied in CharAnalysis, while for the pollen series, using the Inverse Proportionality
with 4 corrections (IP4 method) yielded exactly the same result as an analysis without prewhitening
(Appendix K). The significance level (o) used to test the RSI was 0.05, and Huber’s weight parameter was

in all time series was set to 1.
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Finally, Spearman correlations between spruce budworm and wildfire event frequencies smoothed with a
200-year window were conducted to quantify the interaction between the two disturbances over the course
of the Holocene. These correlations were conducted in 1000-year blocks as opposed to a running window
to remain consistent with the above-mentioned analyses. Additionally, the 1000-year blocks allowed to
indirectly observe the effects of the different climate periods on disturbance interactions. Significant

correlations were determine using a significance level of 0.05

44 Results
4.4.1 General core characteristics and CharAnaysis output

The Buire sediment core was 762 cm in length dating to just over 8600 cal yr BP (Figure 4.1). Analysis was
restrained to the top 751 cm (340-1080 cm) due to the inversion at the bottom of the core (Table 4.1; Figure
4.1). Sediment accumulation rate was relatively constant at approximately 10 yr*cm™, and consisted of
homogeneous gyttja (organic sediment); magnetic susceptibility values oscillated around 0 except at ~1010

cm at a somewhat gradual gyttja-clay transition where values were greater than 1.
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Table 4.1: The sampling interval and associated dates (cal. year BP + standard deviation) used to construct
the age-depth model for Lake Buire

Lab ID Depths Dated *19Pb cal. year BP/ N cal. BP (associated
4 (cm) material “C yr BP probability)
20py,  340-341 Bulk 68 3 .
sediment
210py, 359-360 Bulk 151 12 -
sediment
voc- Organic 610-621 (5.4%)
8707 407413 o crofossils 528 20 515555 (90.0%)
. 905-961 (85.1%)
1-8’?0[% 498-502 Org;““’.l 998 21 830-855 (9.1%)
THACTOTOSSIS 804-809 (1.2%)
. 2679-2742 (29.3%)
1-8’%; 585-595 Org;““’.l 2519 28 2608-2641-(15.0%)
THACTOTOSSIS 2492-2600 (51.1%)
UocC- Organic 3324-3397 (72.4%)
g710 678682 . crofossils 3126 23 32523295 (23.0%)
UocC- Organic 4117-4146 (8.0%)
8711 196774 acrofossils 3794 25 3975-4097 (87.4%)
5401-5448 (28.1%
UoC- Organic 5389-5392 (0.2%)
8712 858862 crofossils 4590 27 5282-5328 (57.0%)
5137-5162 (5.7%)
I'SJ?OS 948-952 mgﬁ?ﬁ;‘;ih 5685 27 6405-6535 (95.4%)
Ié?oﬁ' 11%1‘1' mgﬁg:;ﬂs 7467 44 8191-8375 (95.4%)
. 5829-5856 (4.6%)
1-8’?01‘; 1101%52' macéig?g;:ils 4978 28 5642-5750 (88.6%)
5614-5630 (2.2%)
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Figure 4.1: The age-depth model (red line) with 95% confidence interval (grey shading) and associated
characteristics for Lake Buire obtained from the rbacon package (Blaauw et al. 2021). The estimated age-
depth model (main panel) where the green and blue points indicate the sampling locations of the *'°Pb and
radiocarbon dates, respectively, along with their associated estimated errors. Marko Chain Monte Carlo
(MCMC) simulations (upper left panel) are shown where no visible trend in the distribution is ideal.
Accumulation shape (fop centre panel) takes on a gamma distribution (green line) with the shaded portion
depicting the modelled accumulation of the core. Memory (top right panel), determines the autocorrelation
between depths using a beta distribution (green line) where a lower memory suggests a more variable
accumulation rate over time (Blaauw and Christen 2011).

The CharAnalysis procedure detected 57 lepidopteran scale events over the course of the study period
(Figure 4.2), however one outlying observation in this time series was removed prior to the analysis as it

was an abnormally high accumulation (Appendix L). The frequency of lepidopteran scale events varied
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between 0.75 events*kyr" and 6.30 events*kyr' occurring at 7225 BP and 4706 BP, respectively. A total
of 76 fire events were detected using the CharAnalysis procedure (Figure 4.2). The frequency of charcoal
events varied between 10.5 events*kyr' and 1.71 events*kyr' occurring at 8655 BP and 7841 BP,
respectively. Prior to approximately 6000 BP wildfire event frequency was generally greater than
lepidopteran scale event frequency, however, after this date an oscillation between the disturbance event

frequencies is observed (Figure 4.2).
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Figure 4.2: Disturbance event magnitude and frequency obtained from CharAnalysis using a 500-year
smoothing window. Each identified peak (+; diamonds above the respective accumulations) exceeded the
low frequency signal (Cp,ex) and the 99 percentile local threshold applied to the high frequency signal
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(Cpeak)- (a) Spruce budworm event peak magnitude; (b) wildfire event peak magnitude; (c) disturbance event
frequencies.

4.4.2 Detected regime shifts and the interaction between the spruce budworm and wildfire

Multiple regime shifts (i.e., changes in mean) were detected in spruce budworm and wildfire event
frequencies along with the Abies:Picea ratio over the course of the Holocene. Nine shifts in mean spruce
budworm event frequency were detected, while seven shifts in mean wildfire event frequency were detected
(Figure 4.3). Finally, two regime shifts were detected in the Abies:Picea ratio (Figure 4.3). One occurred at
approximately 6000 BP where there was an increase in the mean ratio, and another shift occurred at around
3500 BP with a decrease in the mean ratio. Further, the regime shift in the Abies: Picea ratio at roughly 6000

BP roughly coincides with particularly large shift in spruce budworm event frequency (Figure 4.3).
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Figure 4.3: The Sequential T-Test Analysis of Regime Shifts (STARS) output for Lake Buire's spruce
budworm event and wildfire event frequencies, and Abies. Picea ratio over the course of the Holocene. The
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reconstructed disturbance event frequency (black line) and mean (red line) with corresponding Regime Shift
Index and regime shifts (bars) for (a) the reconstructed spruce budworm event frequency, (b) the
reconstructed wildfire event frequency, and (c) the Abies: Picea ratio. Some of the known climatic phases
are identified: the Holocene Thermal Maximum (HTM), Medieval Climate Anomaly (MCA), and the Little
Ice Age (LIA).

A significant negative correlation was identified between spruce budworm and wildfire event frequencies
over the majority of the Holocene (Table 4.2; Figure 4.4). A significant positive correlation (Table 4.2) was
observed between the two disturbances in the most recent portion of the chronology from 1196-196 BP
where both disturbance event frequencies displayed similar trends (Figure 4.4). The remainder of the
Holocene exhibited a negative correlation with the most negative correlation occurring from 3196-1196 BP

and the least negative correlation occurring in 6196-5196 BP (Table 4.2).

Table 4.2: Spearman correlations conducted at a 1000-year interval between the spruce budworm and
wildfire event frequencies for Lake Buire from 8186-196 cal. year BP. Correlations in italics indicate a
significant correlation using an alpha value of 0.05

Spearman’s correlation

Period (cal. year BP) (tho) p-value

1196-196 0.43 <0.0001
2196-1196 -0.73 <0.0001
3196-2196 -0.73 <0.0001
4196-3196 -0.23 0.0271
5196-4196 -0.54 <0.0001
6196-5196 -0.21 0.0476
7196-6196 -0.48 <0.0001
8196-7196 -0.68 <0.0001
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Figure 4.4: Variability in disturbance event frequencies over the course of the Holocene. Some known
climatic phases are identified: The Holocene Thermal Maximum (HTM), Medieval Climate Anomaly
(MCA), and the Little Ice Age (LIA). Further, the approximate timing of the postglacial recolonization
arrival of Abies balsamea is identified along with approximate periods of inferred rapid significant climate
change events.

4.5 Discussion

To the authors’ knowledge, this is the first local multi-millennial spruce budworm and wildfire event
reconstruction observing their long-term interaction in the mixed boreal forest of central Québec, Canada
spanning the different climate phases of the Holocene using lepidopteran scales and sedimentary charcoal.
The mixed boreal forest around Lake Buire appears to exhibit two distinct regimes: a wildfire or spruce
budworm dominated regime. These can be visually represented by an ecosystem state landscape (see
Scheffer and Carpenter, 2003) where the ecosystem, Lake Buire is depicted as a ball, that sits in one of two
valleys or basins of attraction corresponding to an ecosystem dominated by a wildfire disturbance regime
or as an ecosystem dominated by a spruce budworm disturbance regime (Figure 4.5). The hypothesis that
the mixed boreal forest shifted from being wildfire dominated to dominated by the spruce budworm
following the increase in abundance of balsam fir on the landscape around 6000 BP was not supported
(Figure 4.5). Instead, following the increased balsam fir abundance, the ecosystem around Lake Buire

oscillated between the two aforementioned basins, a phenomenon that has not been previously observed in
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other ecosystems such as the boreal black spruce forest (Navarro et al., 2018b). The oscillatory behaviour
is best illustrated by the change in disturbance frequencies throughout the Holocene and the many detected

regime shifts (Figure 4.3; Figure 4.4; Figure 4.5).

Hypotheses Observed outcome
Wildfire Spruce budworm Wildfire Spruce budworm
dominated dominated dominated dominated

f I f ||

W o
Presence/absence of

cool, dry climate event
Figure 4.5: Summary of the mixed boreal forest ecosystem’s position (ball) and ecosystem state landscape

(cup) prior and after the postglacial recolonization by balsam fir around Lake Buire and the effect of cold,

dry conditions on the ecosystem in eastern North America.

abundance of Abies on
the landscape

Prior to the increased

Following the increase in
abundance of 4bies on
the landscape

The observed oscillation between the abiotic and biotic disturbance frequencies may result from changes in
forest composition around the lake that altered the ecosystem state landscape by creating basins of attraction
of similar dimensions (Figure 4.5). Pre-8000 BP, wildfire tends to dominate which also coincides with a
low mean Abies:Picea ratio suggesting a greater abundance of black spruce around the lake relative to fir
resulting in an ecosystem state landscape favourable to wildfire. The mean ratio then increases as the warm
conditions during the Holocene Thermal Maximum (HTM) allows for postglacial recolonization and
increased abundance of balsam fir around the lake at roughly 6000 BP (Blarquez and Aleman, 2016) setting
the stage for more frequent large spruce budworm population events (Figure 4.3) due to basins probably
becoming of equal depth and size (Figure 4.5). Following the arrival of balsam fir and around 3500 BP there
is a decrease in the Abies. Picea ratio due to an increased proportion of black spruce around the lake. This

drop in the ratio also coincides with the establishment of an oscillation between the spruce budworm and
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wildfire event frequencies as quantified by multiple regime shifts (Figure 4.3; Figure 4.4), suggesting
movement of the ecosystem between the disturbance basins contrary to our initial hypothesis (Figure 4.5).
Therefore, the changes in relative arboreal species abundance, as measured by the Abies: Picea ratio, likely
altered the basin shapes of the ecosystem state landscape facilitating the movement of the ecosystem from
one basin to the other given an appropriate trigger, which may be suggestive of a particular interaction

between the disturbance agents.

The oscillating disturbance frequencies revealed an inverse relationship or negative interaction between the
two disturbance agents in the mixed boreal forest at a 1000-year interval at Lake Buire and could be
interpreted as competition for a limited resource. Generally, a strong negative correlation between
disturbance frequencies was observed, confirming the relationship described by Navarro et al., (2018b) in
the boreal black spruce forest, and is suggestive of a linked disturbance interaction (Simard et al., 2011;
Kleinman et al., 2019), at local or extra-local (roughly 1km-10km area around a lake), and at millennial or
multi-millennial scales. Further, this interaction could be viewed as a trophic interaction where disturbances
are ‘organisms’ competing for a food resource (vegetation) while also creating conditions that favour their
own survival (Pausas and Bond, 2020a, 2020b, 2022). Wildfire is an ancient process (He and Lamont, 2018),
that is part of the ecosystem (Pausas and Bond, 2018; McLauchlan et al., 2020; Harrison et al., 2021), and
as an ‘organism’ is an herbivore generalist (McCullough et al., 1998), with the ability of consuming all
available fuel (Bond and Keeley, 2005; Pausas and Bond, 2018; Pausas and Bond, 2020a) that competes
with the spruce budworm, an herbivore specialist (Hennigar et al., 2008; Nealis, 2016). Wildfire would
negatively affect spruce budworm host-tree abundance by consuming the budworm’s preferred food source
along with all other vegetation (McCullough et al., 1998) resulting in food scarcity limiting LSBPs. Further,
over long time periods wildfire may create more fire-prone conditions by favouring growth of fire-tolerant
species (Rogers et al., 2015) that more easily re-establish post-fire via semi-serotinous cones, or sprouting
(see Burns and Honkala, 1990; Bergeron, 2000). Conversely, through differential canopy host-tree mortality
(Martin et al., 2019, 2020) creating variable canopy gap sizes resulting in complex regeneration patterns
(Kneeshaw and Bergeron, 1998, 1999; D’ Aoust et al., 2004; Couillard et al., 2021), LSBP events appear to
favour the regeneration and establishment of balsam fir in the canopy subsequently predisposing the forest
to further spruce budworm events (Baskerville, 1975; Morin, 1994; Bouchard et al., 2005, 2006, 2007). As
such, transitioning from a spruce budworm or wildfire disturbance-vegetation feedback loop would likely

require some sort of external forcing, such as a rapid climate change event.
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The initiation and establishment of the above mentioned positive disturbance-vegetation feedback loops
likely depend on a key trigger: appropriate climatic conditions. It is possible that the alternating disturbance
frequencies may be influenced by the periodic occurrence of punctual rapid climate change events (Bond et
al., 1997, 2001; Mayewski et al., 2004) that appear to coincide with the switch in the dominant disturbance
by moving the ecosystem into the different basins of attraction (Figure 4.4; Figure 4.5). Such rapid climate
change events have been associated with ice-raft debris events that altered oceanic thermohaline circulatory
(Broecker 1997, 2003; Alley and Agustsdottir, 2005; Tornqvist and Hijma, 2012) and atmospheric
circulatory patterns (Smith et al., 2016; Deninger et al., 2017) resulting in cool, dry conditions (Willard et
al., 2005; Li et al., 2007; Springer et al., 2008; Orme et al., 2020), which during the Holocene have been
correlated with changes in sedimentary charcoal accumulations in Europe (Florescu et al., 2019), and have
resulted in higher wildfire frequencies in eastern North America (Carcaillet et al., 2001a). Simultaneously,
cooler conditions are likely to have had a negative effect on insect development and survival (Ayres and
Lombardo, 2000; Bentz et al., 2010; Pureswaran et al., 2018) resulting in fewer LSBP events. It is possible
that the presence/absence of such rapid climate change events may: primarily influence the
presence/absence of wildfire events, or primarily influence the presence/absence of the spruce budworm or
influence both event types simultaneously. Further, the absence of one disturbance-vegetation feedback loop
may allow for the establishment of the competing feedback loop or the climate-disturbance interaction may
be much more complex than suggested here (see Kefi et al., 2016). The influence of rapid climate change
events mediating the interaction between the two disturbance agents is a hypothesis that the authors would

like to put forward for further testing based on their observations.

Around Lake Buire the spruce budworm and wildfire have been key ecosystem processes in the mixed
boreal forest of central Québec over the past roughly 8000 years. Over the course of the Holocene, the two
disturbances appear to exhibit an inverse relationship and have varied in frequency. Similar to the black
spruce forest, an inverse relationship between disturbance frequencies was observed, however, the
reccurring oscillation between disturbance frequencies at Lake Buire was not (Navarro et al., 2018b). At
Lake Buire, host-tree availability and abundance appears to be the primary determinant of spruce budworm
population fluctuations, while climate effects may play a more secondary role, although it is difficult to
pinpoint the more influential factor since they are not mutually exclusive (Buma et al., 2019). Conversely,

wildfire as an herbivore generalist and a more stochastic physical process appears to be primarily driven by
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climate (Bessie and Johnson, 1995; Riley et al., 2019; Halofsky et al., 2020), and subsequently modulated
by the vegetation present on the landscape (Hély et al., 2000, 2010, 2020; Girardin et al., 2013; Blarquez et
al., 2015). Therefore, the peculiar oscillatory pattern between disturbance event frequencies may be the
result of the punctual rapid significant climate change events, in combination with the change in arboreal

species composition abundance.

Since this is the first reconstruction of its kind using lepidopteran scales and charcoal to reconstruct local
Holocene disturbance frequencies and their interaction in the mixed boreal forest, the observed interaction
needs to be confirmed to determine whether the observed pattern is due to site-level effects or may reflect a
more general long-term regional behaviour. With a greater number of sediment profiles analyzing both
spruce budworm population fluctuations and wildfire during the Holocene in the mixed boreal forest, a more
accurate and precise picture of site-level variability of these disturbances can be attained which may
elucidate the role of local and extra-local species composition on disturbance event frequency. Additionally,
as more and more sediment profiles are analyzed there is also the opportunity to disentangle the effects of
climate and/or vegetation composition on disturbance regimes. Finally, by combining multiple sediment
profiles, a regional composite may be created to gain a broader and more general picture of spruce budworm

and wildfire variability through time along with potential changes in their interactions.
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CHAPTER 5
GENERAL CONCLUSIONS

5.1  Key findings of the thesis

The key findings of this doctoral thesis relate to three main topics. First, lepidopteran scales are a good
paleo-proxy that can be used to reconstruct long-term spruce budworm population fluctuations from lake
sediments. Second, the use of a multi-proxy approach is fundamental to describing disturbance regimes as
it allows for more accurate and robust interpretations. Finally, the spruce budworm and wildfire have
coevolved in the mixed boreal forest as demonstrated by variability in their respective frequencies over the
past 8000 years. The disturbances exhibited a significant negative correlation suggesting an inverse
relationship and that they are mutually exclusive at local spatial and multi-millennial time scales. Further,
presence or absence of rapid significant climate change events may influence and allow for the establishment

of particular disturbance-vegetation feedback loops.

5.1.1  The primary objectives: validation and calibration of a novel paleo-proxy

The ability to reconstruct spruce budworm population fluctuations over long time intervals has been done
using lepidopteran scales (e.g., Navarro et al., 2018a,b), however it was only assumed that this novel paleo-
proxy was appropriate for such purposes. The primary objective of this thesis was to determine whether this
novel paleo-proxy accurately captured spruce budworm population fluctuations. This was done by using
known outbreaks of the late 20" century identified by aerial surveys and comparing these to spruce budworm
population fluctuations inferred by the lepidopteran scales. High agreement between both proxies was
obtained, suggesting that lepidopteran scales are able to detect periods of large spruce budworm populations.
In addition to this, scale accumulations were then compared to tree-ring widths, a common and well-
established spruce budworm proxy (e.g., Blais, 1968, 1983; Morin and Laprise, 1990; Morin, 1994;
Boulanger and Arseneault, 2004; Boulanger et al., 2012) in an effort to gain insight into whether large scale
accumulations corresponded with more severe defoliation events. Although the exact relationship was
dependent on lake-level taphonomy, site history and conditions, along with tree-level characteristics, and
tree species, a generally strong correlation was observed between both proxies where greater scale
accumulations were associated with narrower ring-widths, and more particularly a greater proportion of
defoliated trees. This can be interpreted as greater scale accumulations do tend to reflect more severe

defoliation events.
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The multi-proxy approach via the use of multiple lines of evidence validated the use of lepidopteran scales
confirming their ability to identify outbreaks, and also helped improve scale peak accumulation
interpretation. Utilizing multiple lines of evidence therefore is essential for disturbance reconstructions as
use of different proxies can overcome and compensate the shortcomings of individual proxies, and more
importantly when combined, paint a clearer picture of the observed disturbance regimes. For example, as
done in this thesis, combining the use of remote sensing (aerial surveys) and a paleo-proxy (lepidopteran
scales) confirmed the latter’s ability to identify periods of large populations, meaning that the identification
of such events via scale accumulations over much longer time intervals is valid. The comparison with tree-
ring widths added another dimension to the interpretation of lepidopteran scale accumulations; larger
accumulations coincided with smaller ring-widths or a greater percentage of affected trees suggesting that
more severe events were reflected by greater scale accumulations. Combined, the evidence suggests that
lepidopteran scales can identify periods of large populations, and that larger accumulations reflect more
severe defoliation events laying the ground work for interpretation of scale accumulations over millennial

and multi-millennial time-scales.

As such, the use of current known events to validate and calibrate past disturbance events will help in
identifying and/or describing current potential mechanisms helping interpret and better understand past
disturbance variability (Buma et al., 2019; Buma, 2021). Neo-ecological methodology, the ability to study
and elucidate mechanisms that currently explain disturbance characteristics (frequency, severity, extent,
etc.), can be combined with paleoecological methodology to help explain past variation (Buma et al., 2019).
Conversely, the past variation over vast time periods encompassed by paleoecological studies can be
combined with modern understanding of systems to forecast and set in place ecological and socioeconomic
frameworks that may be adaptive in the face of climate change (Buma et al., 2019; Buma and Schultz, 2020).
Future research in disturbance ecology should therefore, where possible, employ a multi-proxy and

combined methodological approach to gain a better understanding of disturbance regimes.

5.1.2  Final objective: application of the novel paleo-proxy by reconstructing long-term variability in the
two major disturbance regimes of the mixed boreal forest

After establishing that lepidopteran scales are an appropriate proxy to reconstruct long-term spruce

budworm population fluctuations, the final objective of this doctoral thesis was to reconstruct the long-term
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variability in the two major disturbance regimes of the mixed boreal forest. The multi-millennial
reconstruction of both large spruce budworm population and wildfire events revealed that their frequencies
were variable through time. An increase in the frequency of large spruce budworm population events
coincided with an increase in the Abies:Picea ratio around 6000 BP suggesting that the increase in
abundance of the budworm’s primary host created conditions that favoured outbreaks. Conversely, prior to
6000 BP, wildfire fire event frequency was greater than spruce budworm event frequency. From 6000 BP
onward, a peculiar oscillation between the disturbances’ frequencies is observed, where one peaks in a
period where the other troughs. The inverse relationship between spruce budworm and wildfire event
frequencies observed by Navarro et al., (2018b) was also observed at Lake Buire in the mixed boreal forest,
however the degree of oscillation between disturbance peak frequencies were not the same. The peculiar,
and consistent oscillation is hypothesized to result from punctual rapid significant climate change events
related to ice raft debris events (Bond et al., 1997, 2001), determining which disturbance-vegetation
feedback loop is allowed to establish. These events in eastern North America are believed to have brought
about cool, dry conditions (Mayeski et al., 2004; Willard et al., 2005; Smith et al., 2016; Deninger et al.,
2017; Orme et al., 2020) which were favourable to wildfire during the Holocene (Carcaillet et al., 2001a),
while simultaneously creating unfavourable conditions for insect development and survival (e.g., Ayres and
Lombardo, 2000; Bentz et al., 2010; Pureswaran et al., 2018), resulting in fewer outbreaks, and potentially
less severe outbreaks too. At Lake Buire, the occurrence of these rapid climate change events coincided
with periods of high wildfire, and low spruce budworm event frequencies suggesting that climate may serve
as an external trigger affecting the disturbance frequencies. Therefore, during such an event, the spruce
budworm-vegetation feedback loop is prevented from establishing or limited in its influence. Normally,
during warmer conditions the spruce budworm defoliates balsam fir in such a way that creates gaps
favouring the regeneration, and establishment of balsam fir in the canopy, then favouring subsequent
outbreaks due to abundant host (Baskerville, 1975; Morin, 1994). Conversely during this cool and dry period,
conditions become favourable to wildfire, allowing for the establishment of the wildfire-vegetation feedback
loop or at least permitting it to become more influential. Under the cool and dry conditions, wildfire
frequency is expected to increase (Carcaillet et al., 2001a), favouring regeneration of tree species with
particular adaptations such as semi-serotinous cones, allowing for relatively rapid recolonization, and

coincidently such species tend to be more likely to burn (e.g. Rogers et al., 2015; Lamont et al., 2020).

The establishment of disturbance-vegetation feedback loops may facilitate the transition of a landscape from

one that is susceptible to the spruce budworm to one that is susceptible to wildfire by way of the wildfire
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return interval and its ability to influence the composition and structure of this landscape. For example, the
proportion of balsam fir within a stand is, in part, determined by the time since last fire where shorter return
intervals tend to limit and inhibit balsam fir establishment, while long return intervals allow the conifer to
establish (Bergeron 2000; Ali et al., 2008; Couillard et al., 2021). As a shade-tolerant species, balsam fir
seedling and/or saplings are able to grow underneath a canopy, and can eventually replace this canopy, but
this requires a long fire-free period (Burns and Honkala, 1990; Bergeron, 2000). Meanwhile, shorter wildfire
return intervals tend to inhibit the establishment of balsam fir (Ali et al., 2008; Asselin et al., 2016; Couillard
et al. 2021) and will favour species that regenerate well following fire such as black spruce, trembling aspen
and/or paper birch (Burns and Honkala 1990). At a broader scale, landscape composition is determined by
the composition of the individual stands making up the landscape. If the majority of stands have a high
proportion of balsam fir, the landscape is likely to be highly susceptible to the spruce budworm, and could
have developed as a result of long wildfire return intervals. Additionally, spruce budworm outbreaks would
also produce landscapes susceptible to further outbreaks, as at the stand-level, structure and composition is
altered in a manner to favour the regeneration and establishment of balsam fir in the canopy (Baskerville
1975; Morin 1994). Conversely, a landscape with a low proportion of balsam fir would suggest that most
stands tend to experience relatively short wildfire return intervals (Ali et al., 2008; Couillard et al., 2021).
The wildfire return interval, in turn, is largely dependent on the coinciding of temperature, humidity, and
wind conditions favourable to ignition and fire spread along with the occurrence of ignitions (Macias Faurai
and Johnson 2008; Macias Fauria et al., 2010). These conditions are determined by climate over long time
intervals, and weather over short time intervals. Once ignited, the fire behaviour depends on weather
conditions (temperature, humidity, and wind), topography, and the vertical and horizontal distribution of
fuels (Van Wagner 1967, 1977; Rothermel 1983; Fulé et al., 1997; Falk et al., 2007). As such the wildfire
return interval may alter the abundance and spatial distribution of tree species over a landscape in a manner

that shifts its susceptibility from the budworm to wildfire and vice versa.

Of note is the frequency of wildfire events corresponding to an approximately 83-200 year fire return
interval (12-5 events per thousand years, respectively) at Lake Buire which was found to be higher than
those observed in other studies but falls within the range of calculated frequencies over the course of the
Holocene within the province of Québec. For example, Couillard et al., (2021) in mixed boreal forest sites
located in northern Québec, found an average fire return interval of 280 to 340 years. Similarly, Couillard
et al. (2013), in the mixed boreal forest found considerably longer return intervals from 9600 to 250 cal. yr

BP. However, at sites where charcoal was found at the soil surface from 250 cal. yr BP to present, Couillard
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et al. (2013) observed fire intervals ranging from 70-250 years, similar to the intervals calculated by
Carcaillet et al. (2001a) over the course of the Holocene. Further, other studies conducted in the mixed
coniferous boreal forest have found return intervals in central Québec ranging from 69-273 years in recent
history (Bergeron et al. 2001), and a mean regional fire interval of 1704+124 years over the past 5000 years
(Frégeau et al. 2015). In the black spruce boreal forest, regional fire return interval was found to vary from
83-167 years (Ali et al., 2012), although some sites exhibited a fire return interval of up to 500 years (Ali et
al., 2008). The major difference between the wildfire return interval observed at Lake Buire relative to other
studies appears to be the generally greater fire frequency, and the consistent oscillation in wildfire frequency,
where other studies obtained lower variability. This greater fire frequency, however falls within the
frequencies observed by other studies, and as noted by Couillard et al., (2021) the persistence of balsam fir—
paper birch forests is still possible with a 200-year fire return interval. Meanwhile, the consistent oscillation
in wildfire frequency may be a result of site-level varability as the studies cited above were able to calculate

a mean regional change in wildfire frequency, which was not possible for Lake Buire as it is a single site.

At local/extra-local and multi-millennial time-scales the observed disturbance interaction appear to be a
linked interaction (Simard et al., 2011; Kleinman et al., 2019) displaying an inverse relationship, where
wildfire excludes spruce budworm and vice versa. This suggests that although both entomologists and
wildfire ecologists are predicting more frequent and severe outbreaks and fires given future climate change
(e.g. Ayres and Lombardo, 2000; Flannigan et al., 2009, 2013; Millar and Stephenson, 2015; Anderegg et
al., 2015), the results of this thesis suggest a potentially more nuanced outcome. The inverse relationship
best demonstrated by the peculiar oscillation in disturbance frequencies suggests that both entomologists
and wildfire ecologists may be correct in their predictions, with a caveat. Both are correct in that there may
be periods of higher event frequencies and severities for each particular disturbance, but these periods may
not occur at the same time, at least not at the local/extra-local spatial and multi-millennial time scale.
Additionally, the major disturbances of the mixed boreal forest appear to be influenced by different drivers
affecting how these regimes will manifest given different climate conditions. For example, presence of
abundant susceptible host-trees is necessary for spruce budworm outbreaks to occur, otherwise at low
abundances the insect would likely remain at endemic levels (Cooke et al., 2007; MacLean, 2016; Nealis,
2016). As such, without available host-trees, climate conditions favourable to insect development and
survival are unlikely to result in outbreaks due to low food availability i.e., host-tree biomass. Conversely,
wildfire can burn any type of vegetation (McCullough et al., 1998; Bond and Keeley, 2005; Pausas and

Bond, 2018; Pausas and Bond, 2020a), although coniferous species tend to burn better than deciduous ones
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(Hély et al. 2000, 2010; Girardin et al., 2013), and appears to be dependent on suitable climatic conditions
that will favour fuel availability, fire ignition, and spread (e.g., Wotton et al., 2010; Macias Fauria et al.,
2010; Woolford et al., 2014; Molinari et al., 2018) while vegetation type subsequently modulates fire
behaviour (Girardin et al., 2013; Blarquez et al., 2015; Hély et al., 2000, 2020). Therefore, both disturbance
agents may experience more frequent and severe events (e.g., Ayres and Lombardo, 2000; Dale et al., 2001;
Flannigan et al., 2009, 2013; Millar and Stephenson, 2015; Allen et al., 2015), however, these may not, over
long time intervals, occur simultaneously likely excluding the possibility of compound disturbance
interactions (Paine et al., 1998), since the relationship between the spruce budworm and wildfire appears to
be a negative linked disturbance interaction. Further, the establishment of one disturbance-vegetation
feedback loop relative to the other likely depends on the vegetation and/or climate context. The hurdle facing
forest managers is therefore adopting and/or adapting silvicultural strategies to best reflect the stand

characteristics resulting from each disturbance under the right conditions.

5.2 Implications for forest management

Within the context of a changing climate, forest management strategies will have to adapt. Establishing a
management framework will help managers better determine which strategies need to be applied. However,
upon which reference or baseline would such a management framework be based on? The Holocene
(~11,700 BP- present; Walker et al., 2012) could serve as a long-term reference as through this period
climate, vegetation, and disturbance regimes have varied (e.g., Renssen et al., 2009; Wanner et al., 2012;
Mayewski et al., 2004; Ali et al., 2012; Blarquez et al., 2015; Navarro et al., 2018b). The observed changes
in the past have the potential to serve as analogs for future climate or at least may provide a sense of the
experienced variability acting as a starting point for forest managers to implement sustainable practices (e.g.,
Swetnam et al., 1999; Landres et al., 1999; Keane et al., 2009; Hennebelle et al., 2018). For example,
managers could use an observed range (minimum and maximum values) of disturbance frequencies to
delineate boundaries within which this metric would ideally fall along with the overall trend to determine
whether a system has exceeded its historical resilience (Landres et al., 1999). Furthermore the emulation of
disturbance regimes could act as a coarse-filter ecosystem management method that may allow for the
meeting of multiple forest management objectives including maintaining biodiversity, and ecosystem
services (e.g., North and Keeton, 2008; Long, 2009; Oliver et al., 2015; Aszalos et al., 2022). Therefore, it
becomes exceedingly important to know how disturbance regimes have varied in the past during different
climate phases and within and across different ecosystems. This understanding allows for gaining a better

understanding of a system’s resilience, along with the identification of potential tipping points.
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The proxies used in this thesis provide a spatial and temporal resolution that is too coarse for the
development of particular stand-level silvilcultural prescriptions, but give forest managers a better
understanding of the mixed boreal forest’s response to change along with the dynamics of its two major
disturbances. Thus the implications for forest management that can be extracted from this Holocene
reconstruction will likely relate to landscape composition and structure as the paleo-proxies used do not
allow for finer resolution applications or interpretations (Landres et al., 1999; Swetnam et al., 1999). The
variable Holocene climate, and the mixed boreal forest’s and disturbance agents’ responses to this variability
may serve as potential analogs for future climate conditions. Based on this, potential climate scenarios may
include the following type of conditions: warm and dry, cool and dry, warm and humid, and/or cool and
humid. Under warm, dry conditions forest fires are likely to be more frequent (Wooldford et al., 2014; Jolly
et al., 2015; Molinari et al., 2018), as well as be more intense and severe (Flannigan et al., 2009, 2013;
Millar and Stephenson, 2015) due to a greater proportion of available fuel (Byrom 1959; Van Wagner 1967,
1977; Rothermel 1983). Favourable conditions to wildfire would likely result in a landscape composition
and structure with a lower proportion of balsam fir due to shorter wildfire return intervals (Ali et al., 2008;
Asselin et al., 2016; Couillard et al., 2021), ultimately limiting spruce budworm populations given the lower
proportion of available host-trees. A similar outcome may result from cool, dry conditions, as these
conditions have resulted in greater fire frequency during the Holocene (Carcaillet et al. 2001a). Further, cool
conditions are likely to negatively affect insect survival and development (Bale et al., 2002), probably
resulting in fewer outbreaks as budworm populations will be less able to escape population control factors
(Berryman, 1987; Ayres and Lombardo, 2000). Managing a landscape susceptible to wildfire will likely
involve focusing on creating a heteroegenous fuel distribution across the landscape by incorporating fuel
breaks (natural and/or anthropogenic), prescribed burns (Wotton et al., 2017), and perhaps favouring a larger
proportion of deciduous species on the landscape (Hély et al., 2000, 2010; Girardin et al., 2013). Finally,
the development of annual allowable cuts that account for more frequent fires and greater areas burned (i.e.,
a reduction in annual allowable cut), may allow for maintaining a more continuous forest cover likely
resulting in a more fire-resilient landscape along with a more stable long-term timber supply (Drapeau et

al., 2024).

Conversely, warm, humid conditions are likely to produce a landscape composition and structure that will

be favourable to the spruce budworm with the establishment and proliferation of balsam fir. The greater
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humidity would increase fuel moisture reducing the chance of ignition along with limiting available fuel to
burn (Bessie and Johnson 1995; Macias Fauria and Johnson 2008; Macias Fauria et al., 2010). This potential
reduction in possible ignitions and subsequent burning would increase the wildfire return interval enabling
a large proportion of stands to reach late successional stages where balsam fir can occupy the canopy and
successfully establish in the understory (Bergeron 2000; Ali et al., 2008; Couillard et al., 2021). The greater
proportion of fir on the landscape has the potential of allowing the establishment of a spruce budworm-
vegetation feedback loop (Baskerville, 1975; Morin, 1994) and the occurrence of more intense and severe
outbreaks (Murdock et al., 2013; Weed et al., 2013). The key to managing the spruce budworm susceptible
landscape will be the identification and harvesting of mature forest stands which would reduce the
landscape’s susceptibility to the defoliator while also providing an economic benefit. Simlarly, under cool,
humid conditions the frequency of both disturbances are expected to be attenuated due to limited available
fuels and fewer ignitions along with poor insect survival and development restraining budworm population
growth. The possibility of prolonged absence of disturbance on the landscape would allow the forest to
mature and reach late successional stages resulting in an increase in the proportion of balsam fir, ultimately

creating a landscape composition and structure that would be susceptible to the spruce budworm.

The development of appropriate silvicultural prescriptions applied at the stand-level (i.e., types of cut
utilized, harvesting intervals, which species to harvest, which species to replant and at what density) must
rely on more contemporary studies that have quantified changes in stand composition and structure
following wildfire or LSBP events. For example, uneven-aged type cuts, such as patch cuts of variable sizes,
used in tandem with single-tree selection would likely better reflect the heterogeneous mortality that occurs
during a spruce budworm outbreak (Martin et al., 2019, 2020). Further, frequent entries in a single stand
would be necessary to reflect the temporal heterogeneity of the tree mortality during an outbreak. The
broader spatial and temporal perspective obtained from paleo-reconstructions offers a framework for
managing landscape composition and structure within which contemporary quantification of stand
compositional and structural changes could be placed to influence cross-scale drivers that affect both
wildfire and spruce budworm events. The subtlety will be in understanding when and if it will be best for
the ecosystem, which is managed in a way to fulfill our needs, to return to a similar state i.e., a resilient
ecosystem (Holling, 1973), or if it will be best for the ecosystem to adapt and/or transform in a fashion that
would ultimately maintain high species diversity and function even though it may not resemble its initial

state (Oliver et al., 2015).
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Not only will the development of appropriate forest management be important but the accurate detection of
epidemic spruce budworm populations will be key in effectively managing our forests. Currently, in Québec
aerial surveys are used to estimate the amount of defoliation occurring in forest stands in conjunction with
insect traps to infer outbreaks, i.e., large spruce budworm populations. However, defoliation observed by
aerial surveys may not necessarily reflect an epidemic spruce budworm population in the area in question.
First, in a polygon composed of host and non-host tree species defoliation severity is based on defoliation
of the host species (M. Simard, personal communication, email August 12 2021). Therefore, a severely
defoliated polygon could either be a polygon with 10% basal area comprised of host-trees or a polygon of
90% basal area comprised of defoliated host-trees. Severe defoliation in the polygon with a low basal area
may be an inaccurate reflection of the population in the stand as the defoliation may simply be due to the
endemic population present in the stand just as it could result from a large population. The degree of
defoliation could be weighted by the proportion of host-trees present in the polygon since defoliation is
known to be lower in mixed and those stands dominated by deciduous species (Su et al., 1996; Cappucino
etal., 1998). Thus, inferring an epidemic population solely based on defoliation intensity may be misleading
at the individual polygon level noting however, that the landscape within which such a polygon is found is
taken into account. Secondly, aerial surveys may in fact fail detect to defoliation events below a certain
threshold relative to other proxies such as tree-ring widths as observed in the western spruce budworm
(Campbell et al., 2006; Alfaro et al., 2018; Tai and Carroll, 2022). However, tree-ring widths are unable to
quantify current outbreaks or spruce budworm population sizes, and so aerial surveys in combination with
other lines of evidence will prove critical in accurately determining the current stage of the population cycle.
Thus, a multi-proxy approach may prove to be useful in attaining an adequate detection of defoliation events,

and this may be of particular concern when attempting to manage damage done by the insect on the timber

supply.

Additionally, gaining a better understanding of adult moth migration events will also be key in effectively
managing our forests. Unfortunately, despite lepidopteran scales being a direct measure of the local insect
biomass, the temporal resolution typically obtained from lake sediment cores do not allow for assessing
within-outbreak spruce budworm movements. Scale accumulations most likely provide a single snapshot of
local budworm populations over an entire outbreak period. In an effort to obtain a more accurate

representation of the regional budworm population, the creation of a composite chronology, i.e., averaging
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scale accumulations from multiple sediment cores, may help reduce the individual site-level variability but
this does not change the fact that large accumulations likely still only represent the cumulative budworm
population size over the course of an entire outbreak, and going further back in time, large accumulations
may represent multiple outbreak periods. As such, modern studies will need to be used to gain a better
knowledge of causes of within-outbreak adult moth movements (Régni¢re and Nealis, 2019; Rhainds et al.,
2021), factors influencing their movements (Régniere et al., 2019 a,b) along with their quantification

(Greenbank et al. 1980; Boulanger et al., 2017; Larroque et al., 2020).

5.3  Future research

Given that lepidopteran scales are a novel paleo-proxy, there are many potential avenues to explore and
future research needs to be met. Potential avenues of research may include but are not limited to: utilization
of the technique in other ecosystems to reconstruct past lepidopteran outbreaks around the globe, and
developing methodological approaches that may facilitate analysis. A key research need will involve
sampling and analyzing multiple lakes within a given ecosystem allowing for the creation of composite
chronologies to infer more general and regional disturbance agent behaviour and interactions while

simultaneously elucidating disturbance regimes and interactions at local/extra-local spatial scales.

At a global level, the use of the novel lepidopteran scale paleo-proxy may be warranted and utilized for
multi-millennial reconstructions in other systems. Long-term reconstructions could be done across the globe
for a variety of different defoliating insects, if certain criteria are met. The first being that the disturbance
agent in question must be of the order Lepidoptera which will ensure the presence of scales in the sediment.
Secondly, the sampled lakes must be relatively small, deep with little to no inflow-outflow helping to ensure
relatively low sediment disturbance (e.g., Millspaugh and Whitlock, 1995; Ali et al,. 2008), and ideally,
situated in an area that has recently undergone known defoliation. This last requirement helps ensure the
detection of the insect (i.e., that one find scales in the sediment), lack of scales in the upper sediment layers
in areas of known defoliation may suggest that the selected lake is a poor recorder. Finally, the fluctuation
in lepidopteran scale accumulation should be paired with other proxies (e.g., dendrochronology) for
validation and calibration. As such long-term reconstructions, for example, are possible for the pine
processionary moth (e.g., Camarero et al., 2022), winter moth (e.g., Tikkanen and Roininen, 2001; Simmons

et al., 2014), and larch budmoth (e.g., Esper et al., 2007), or even defoliating species in South America (e.g.,
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Paritsis and Veblen, 2011). Closer to home in North America, potential millennial or multi-millennial

reconstructions could be done for the western spruce budworm [Choristoneura freemani Razowski, 2008].

Lepidopteran scale identification and counting is slow and labour-intensive, and any method that could
speed up the process would be beneficial. During sample processing the ability to create a pellet that consists
only of scales would facilitate count. Currently ‘impure’ pellets are a mixture of fine sediment, lepidopteran
scales, and other chitinous and vegetative structures. Methods that could ‘purify’ the subsample or pellet
would greatly speed up the identification and counting process. Discriminating the material in the ‘impure’
pellet using mass and/or surface area in a manner similar to gel electrophoresis may be a potential avenue
of research (H. Morin, personal communication, in-person conversation). Lepidopteran scales would be
expected to be quite light, have a relatively large surface area, and therefore would be expected to travel
further than the other material. A secondary step would be necessary, however, in order to discriminate

between the scales and other chitinous material found in the pellets.

There is also discussion of utilizing Artificial Intelligence or Machine Learning in an effort to automate the
counting and identification process of the lepidopteran scales (O. Blarquez, personal communication, in-
person conversation). This automation would be incredibly beneficial in speeding up analysis, however,
developing the proper algorithm to identify lepidopteran scales may be difficult. Currently, the scales are in
‘impure’ pellets and once placed on microscope slides can be sometimes rolled up, folded, and sometimes
partially obscured by sediment or the other chitinous material retained in the pellet. The ability to identify
the scales in this situation would likely require a particularly complex algorithm, considering that
lepidopteran scale identification can take around three months to learn in humans (personal observation).
Even in a purified pellet containing only scales, these may be folded, rolled, or even obscured by other

scales again likely creating a need for a complex algorithm for count accuracy.

An increase in the number of long-term reconstructions of spruce budworm population fluctuations would
allow for the creation of composite sediment chronologies providing a clearer picture of changes at the

regional, ecosystem, and/or landscape level over vast periods of time. A larger number of available
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chronologies to create a composite chronology would help remove any site-level variability and provide a
more robust picture of the disturbance over broader spatiotemporal scales. Conversely, looking at multiple
individual chronologies retains, and reveals site-level variability with the potential to identify factors that
may influence the observed variability. In a broader context, the greater number of sediment chronologies,
as composites or kept as individual chronologies, may reveal differences in spruce budworm population
fluctuations in different forest types. Increased sampling should be done in both black spruce, and mixed
boreal forests to compare the variability in spruce budworm population fluctuations within and between the
forest types. Sampling in these ecosystems may provide insight as to how the disturbance regime is affected
by a changing climate. At the moment, there is uncertainty regarding the insect moving North and being
able to feed on black spruce, since historically, phenological asynchrony between this secondary host and
larval development typically restricted defoliation intensity, but with projected warming trends, budburst
and larval emergence will likely be synchronous (Régniére et al., 2012; Pureswaran et al., 2015, 2019;
Fuentealba et al., 2017) potentially resulting in outbreak dynamics that may not have been observed in the
20™ century. As such, past long-term spruce budworm outbreak variability in the black spruce forest could
provide a clearer picture of potential future behaviour. Similarly, observing the long-term spruce budworm
outbreak variability in the mixed boreal forest would be an interesting exercise as this forest falls within the
core of the insect’s historic distribution. Long-term reconstructions in the mixed boreal forest may or may

not reveal changes in outbreak frequency and/or magnitude with changes in climate.

Finally, pairing long-term spruce budworm and wildfire reconstructions in the mixed boreal forest would
additionally provide a more complete picture of the evolution of the ecosystem through time. Long-term
wildfire reconstructions using lake sediment in the mixed boreal forest have been very limited (e.g.,
Blarquez et al., 2015), although reconstructions have been done using soil charcoal in either high-altitude
mixed forests or in mixed stands at higher latitudes (e.g., Couillard et al., 2013, 2021). However generally
speaking, long-term wildfire variability in the mixed boreal forest is not particularly well described.
Therefore, analyzing sediment chronologies for both large spruce budworm population and wildfire events
would provide insights on particular individual disturbance regimes, their interactions, and reference periods

that could be used as a framework to improve current silvicultural practices.
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Figure A.l:Individual lake 1%} total activity and age-depth models for Lakes (a) 5, (b) 8, (¢) 2, (d) 1, (e)
3, (f) 4, (g) Bois Joli, (h) Buire, and (i) Bélanger. Left panel: Total 210py, activity for the sampled depths
(with error bars) and estimated background rate (red line) with error (dashed red line). Right panel: *'°Pb
Constant Rate Supply age-depth model with dates and error bars and cubic smoothing spline with 95%

confidence interval (grey shaded area).
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APPENDIX B
CHARANALYSIS WORKFLOW AND LEPIDOPTERAN SCALE ACCUMULATIONS
WITH INTERPOLATED TIME-STEP

A simplified CharAnalysis method was employed to identify periods of large spruce budworm population,
i.e., outbreaks. The original CharAnalysis program could not be used because of the nature of the samples:
a relatively short time interval and small sample size. The simplified CharAnalysis method however
followed the same steps as the original program and used similar terminology (Figure B.1; Table B.1); and
was performed in the R statistical environment (R Core Team, 2021). Various smoothing windows were
implemented following the interpolation to a constant time step and prior to determining Cp,ex (Figure B.1;
‘user-determined smoothing function’ step). To clarify, depending on the age-depth model, the interpolation

to a constant time step can result in the imputation of scale accumulations between the *'°

Pb-dated years.
This means that although each core initially had 20 lepidopteran scale samples, interpolation to a specified
constant time step often results in additional scale accumulation points in the chronology to maintain this
constant time step (Figure B.2). After determining Cy,ek, @ global threshold, ¢ (Table B.1), was applied in
the form of the 40™, 50", 60", 70", 80", 90™, 95™, and 99" percentiles to Cpea for each lake in an effort to
isolate spruce budworm outbreak events (Figure B.1; ‘application of global threshold’ step). Moreover,
applying a 20-year window centred around the highest scale accumulation resulted in the formation of scale

accumulation clusters to identify outbreaks that helped reduce the chance of identifying false outbreaks.
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Figure B.1: The workflow of the analysis used to identify lepidopteran scale peaks (outbreaks) in the surface
sediment. Based on Higuera, (2009).

Table B.1: The terminology used in CharAnalysis to define the state of the samples over he course of the
analysis. Although the terms here refer to wildfire events, the terminology was adopted to describe the
evolution of samples to identify spruce budworm outbreaks. Modified from Higuera, (2009).

Term Description

Cint Interpolated accumulation rate

Chack The background accumulation rate or trend

Cpeak Signal remaining after removing the background

accumulation rate; the high frequency trends

Cuoise A component of Cy.q; portion of the high frequency
trend likely related to sediment mixing and other

errors
Ciire The other component of Cpeax; the fire signal
t Specific threshold value used to differentiate Ciise
from Ciire|
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Figure B.2: Lake-level lepidopteran scale accumulations (grey bars) and corresponding finest best fitting
interpolation time step (thin black line) for Lakes (a) 5, (b) 8,(¢) 2, (d) 1, (e) 3, (f) 4, (g) Bois Joli, (h) Buire,
(i) Bélanger. The constant time step applied to Lakes 1, 2, 3, 4, 5 was 5 years, while a constant time step of
6 years was applied to Lakes Buire and Bélanger and finally a constant time step of 7, and 8 years were
applied to Lakes 8, and Bois Joli respectively.
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APPENDIX C
AERIAL SURVEY DATA DESCRIBING SITE-LEVEL DEFOLIATION WITHIN THE
200 M BUFFER AROUND EACH LAKE

Table C.1: Site-level defoliation within the 200 m buffer of each sampled lake according to the aerial
surveys conducted 1967 to 1991, and 2007 to the present. Defoliation classes of 0, 1, 2, 3 correspond to no
defoliation, light, moderate, and severe defoliation respectively (MFFP, 2021a).

Lake Year Maximum observed defoliation class

1974 3
1975 3
1976 3
1977 3
1978 3

5 1985 3
2015 3
2016 2
2017 2
2018 3
2019 3
1974 3

8
1975 3
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Lake Year Maximum observed defoliation class
1977 3
1980 3
1981 3
1984 1
2015 2
2016 2
2017 2
2018 3
2019 3
1974 2
1975 3
1976 3
1977 3
2
1978 3
1983 2
2010 3
2011 3
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Lake Year Maximum observed defoliation class
2012 3
2013 3
2014 3
2015 3
2016 3
1974 1
1977 3
1978 3
1983 2
1984 1
1 2011 3
2012 3
2013 3
2014 3
2015 3
2016 3
3 1974 3
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Lake Year Maximum observed defoliation class
1975 3
1976 3
1977 3
1978 3
1979 3
1980 3
1981 3
1982 3
1983 3
1984 3
1985 3
2010 2
2011 2
2012 3
2013 3
2014 3
2015 3
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Lake Year Maximum observed defoliation class
2016 3
1973 1
1974 2
1975 3
1976 3
1977 3
1978 3
1980 1
1981 3
Bois Joli
1982 3
1983 3
1984 2
1985 1
2013 1
2014 1
2015 2
2016 2

99



Lake Year Maximum observed defoliation class
2017 1
2018 2
2019 2
1974 3
1976 3
1977 3
1978 3
1979 3
1980 3
1981 3
4
1982 3
1983 3
1984 3
1985 3
2012 2
2013 3
2015 3
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Lake Year Maximum observed defoliation class
2016 3
1974 3
1975 3
1976 3
1977 3
1978 3
1979 2
1980 2
Buire 1981 3
1983 3
1984 2
1985 1
2015 1
2016 3
2017 3
2018 3
Bélanger 1971 1
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Lake Year Maximum observed defoliation class
1972 3
1973 2
1974 3
1975 3
1976 3
1977 3
1978 3
1979 3
1980 3
1981 3
1982 0
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APPENDIX D

LEPIDOPTERAN SCALE SPRUCE BUDWORM OUTBREAK DETECTION USING A 120-YEAR SMOOTHING

WINDOW
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Figure D.1: Interpolated lepidopteran scale accumulations and C,.c accumulations using the lepidopteran scale paleo-proxy for Lakes (a) 5, (b) 8,
(c)2,(d) 1, (e) 3, (f) 4, (g) Bois Joli, (h) Buire, (i) Bélanger. The grey boxes represent the detected and defined outbreak periods by the aerial surveys
and are identified as O1 (1971-1985; 1980s outbreak), and OP (2010—present; current outbreak) using the nomenclature used in Jardon et al., (2003),
and Boulanger et al., (2012). The circles identify lepidopteran scale accumulation clusters representing potential outbreak events. Top panel: The
solid smooth line represents the LOWESS with a 120-year smoothing window width used to determine the background accumulation rates (Cpack),
where everything above is considered a potential outbreak (Cpc.). Bottom panel: The C,.. accumulations calculated as residuals along with the
different percentile thresholds used. Dashed horizontal lines represent the 40th, 60th, 80th, and 95™ percentile thresholds respectively, and the solid
horizontal lines represent the 50", 70", 90™, and 99™ percentile thresholds respectively above which the ‘true’ outbreak events (Cg,e) were identified.
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APPENDIX E
MEAN GSI AND WAVELET METHODOLOGICAL DETAILS

The mean growth suppression index (mean GSI) and the proportion of defoliated trees (‘percent affected’)
for each site were obtained using the R package dfoliatR (Guiterman et al., 2020) to describe defoliation
events. As non-host chronologies for the sites were unavailable, we determined tree-level defoliation events
running the defoliate trees function without a non-host chronology at a standard deviation threshold value
of —1.28 and a minimum length of time of eight years (Swetnam and Lynch, 1989; Lynch, 2012; Guiterman
et al., 2020). Both the bridging events and series-end events parameters were set as ‘TRUE’. The former
command eliminated multiple defoliation events that were most likely the same defoliation event over the
course of the outbreaks. The latter detected the outbreak that was currently underway in the region. With
the outbreak function set using the default settings, we calculated the mean GSI, and percent affected for
each site at an annual resolution (Guiterman et al., 2020). The tree-level growth suppression index (GSI) is
calculated as (Guiterman et al., 2020):
OH

GSI; = H; — (NH; — NH,;,) —
ONH

where GSI; is the growth suppression index in year i, H and NH are the standardized host-tree and non-host
ring-width series, respectively, NH,, is the mean non-host series’ ring width, and op/ony is the ratio between
the standard deviation of the standardized host and non-host series (Guiterman et al., 2020). In the absence

of a non-host series, the GSI simply becomes the standardized host-tree ring-width series.

The correlation and synchronicity between the lepidopteran scale and tree-ring records (mean GSI and
percent affected) were assessed using wavelet analysis. First, lepidopteran scale accumulations for each lake
were interpolated to an annual resolution over the entire sediment chronology using the pretreatment
function from the paleofire R package (Blarquez et al., 2014), permitting direct comparison between the
scale and tree-ring records. The signal of each variable for each site was modeled using generalized additive
models (GAMs) with a penalized cubic regression spline in the gam function from the mgcv R package
(Wood, 2017). The number of knots was determined on the basis of model fit to the data and use of the
gam.check function, which assessed the distribution of the residuals (visually and with a statistical test), the

relationship between the measured and predicted variable, and normality (Wood, 2017). Wavelet analysis
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was conducted in the biwavelet R package using the wt function with default settings to obtain temporal
trends for each variable, and then the xwt, wtc functions (Gouhier et al., 2021) to determine correlation
between the scale and tree-ring records. Finally, we determined the nature of the interaction between the
two proxies by calculating the phase of the signal pairs which serves to reveal the nature of the interaction
of the two records (Grinsted et al., 2004; Cazelles et al., 2008). We calculated the circular mean and standard
deviation using the circular R package (Agostinelli and Lund, 2017) for the entire zone of significant high
overlapping power and zones of high correlation (R”> > 0.80) over the entire study period and for each
individual known outbreak period (1912-1929, 03; 1946-1959, O2; and 1975-1992, O1; Morin and Laprise,
1990; Boulanger and Arseneault, 2004; Boulanger et al., 2012) for each site. Further, using the circular

mean values and standard deviation, we described the signals as being in agreement or disagreement.
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APPENDIX F
EFFECTS OF THE REMOVAL AND REPLACEMENT OF THE OUTLYING DATA
POINT IN THE SITE 8 MEAN GSI SERIES

We removed and replaced an outlier from the mean GSI series, as it blurred the observed signal with
downstream effects in wavelet analysis. We applied an identical procedure with the outlier and the imputed
data point that replaced the outlier as described in the methods section. Retention of the outlying point for
the year 1952 resulted in a linear mean GSI signal, when the mean GSI signal was not linear and actually
decreased—presumably because of defoliation over the course of the ca. 1950 spruce budworm outbreak —
as observed in other dendrochronological studies (Figure F.1a; Boulanger et al., 2012.). To obtain a more
representative signal, we removed this outlier. However, to conduct wavelet analysis, a constant time-step
is required; therefore, we interpolated a data point to replace the outlier. We believe that the resulting

modeled signal better reflected the trend in mean GSI (Figure F.1b).

@® | | o

mean_gsi
mean_gsi

year . . - year

Figure F.1: The fitted GAM to the mean GSI of Site 8 (a) with the outlier and (b) with the interpolated data
point.

The retention or replacement of the outlier subsequently affected the wavelet analysis conducted on the
scale and tree-ring records. The power spectra of the mean GSI differed markedly (Figure F.2). The power
spectrum with the retained outlier failed to detect any signal relative to red noise (Figure F.2a), whereas the
power spectrum of the mean GSI with the imputed data point produced an area of significant power at a
periodicity of about 32 years over the course of the middle to latter portion of the 20™ century (Figure F.2b).
Similarly, the effect of the retained outlier cascaded into the cross-wavelet and wavelet coherence analyses.

The influence of the retained outlier did not markedly change the outcome of the cross-wavelet analysis in
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terms of strength of areas of common power. Nonetheless, the zones of statistical significance did in fact
vary as did the associated phases (Figure F.3). The differences in wavelet coherence analysis were less
subtle. as different areas of significantly high correlation were identified, depending on whether we retained
or replaced the outlier (Figure F.4). Furthermore, the associated phases in these areas of significant high
correlation also differed (Figure F.4). We believe that the model using the replaced data point in the mean

GSI is more representative of the data, and thus used this imputed data point for our analyses.
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Figure F.2: Site 8's power spectra resulting from the applied continuous Morlet wavelet transform to the
mean GSI series (a) with the outlier and (b) with the interpolated data point. Warmer colours (red, orange,
yellow) indicate high power relative to red noise, an autoregressive process with lag 1, whereas cooler
colours suggest weaker power (Torrence and Compo, 1998). Statistically significant zones of power were
determined using a y” test (p<0.05) and are delineated by a thick black line (Torrence and Compo, 1998).

The light grey shading delineates the recommended zone of interpretation, i.e., ‘cone of influence’ (Cazelles
et al., 2008).
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Figure F.3: The cross-wavelet analysis between the lepidopteran scale and mean GSI series applied to Site
8 (a) with the outlier, and (b) with the interpolated data point. Warmer colours (red, orange, yellow) indicate
high overlapping power relative to red noise, an autoregressive process with lag 1, whereas cooler colours
suggest weaker overlapping power (Torrence and Compo, 1998). Statistically significant zones of power
were determined using a x* test (p<0.05) and are delineated by a thick black line (Torrence and Compo,
1998). The arrows in the areas of statistical significance specify the type of association. Arrows pointing
left indicate the signals are anti-phase, where a peak of one signal lines up with a trough of the other signal.
Arrows pointing right suggest signals are in-phase, where peaks and troughs of both signals line up.
Downward arrows indicate that the scale record leads the tree-ring record by n/2, whereas upward arrows
indicate the opposite. The light grey shading delineates the recommended zone of interpretation, i.e., ‘cone
of influence’ (Cazelles et al., 2008).
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Figure F.4: The wavelet coherence analysis between the lepidopteran scale and mean GSI series applied to
Site 8 (a) with the outlier, and (b) with the interpolated data point. Warmer colours (red, orange, yellow)
indicate high correlation, relative to red noise, autogressive process of lag 1, whereas cooler colours
represent weaker correlations (Torrence and Compo, 1998). Statistically significant zones were determined
using a Xz test (p<<0.05) and are delineated by a thick black line (Torrence and Compo, 1998). The arrows in
areas of statistical significance specify the type of association. Arrows pointing left indicate the signals are
anti-phase, where a peak of one signal lines up with a trough of the other signal. Arrows pointing right
suggest signals are in-phase, where peaks and troughs of both signals line up. Downward arrows indicate
that the scale record leads the tree-ring record by n/2, whereas upward arrows indicate the opposite. The

light grey shading delineates the recommended zone of interpretation, i.e., ‘cone of influence’ (Cazelles et
al., 2008).
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APPENDIX G
LEPIDOPTERAN SCALE AND TREE-RING CHRONOLOGIES USED FOR WAVELET
ANALYSIS

The full surface sediment chronologies for the lakes of all sites is presented (Figure G.1) along with the
corresponding sediment and tree-ring chronologies used for the wavelet analysis for each individual site
(Figures G.2—G.10). The temporal interval of lepidopteran scale accumulation analysis was 1900 AD-2019

AD (Figure G.1) to match the time interval covered by the tree-ring chronologies.

(b) 8 (c)2

T

=)
=

(1 (e)3

(H4

cm? * year!)

L

(scales *
] 1

(i) Bélanger

Lepidopteran scale accumulation

(h) Buire i
|
I 1

TN e

1750 1800 1850 1900 1950 2000 1750 1800 1850 1904 1950 2000 1730 18040 1850 1900 1950 2000

Year

Figure G.1: The lepidopteran scale accumulation rate (grey bars) and annually interpolated lepidopteran
scale accumulations (thin continuous black line delineating grey bars) for (a) Lake 5, (b) Lake 8, (c) Lake
2,(d) Lake 1, (e) Lake 3, (f) Lake 4, (g) Lake Bois Joli, (h) Lake Buire, and (i) Lake Bélanger. Accumulation
records to the right of the vertical dotted line (1900 AD) were analyzed in the study, whereas scale
accumulation before 1900 AD was not. The grey bars represent the lepidopteran scale accumulations for
each lake; the continuous black line represents the respective annually interpolated accumulation rates.
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Figure G.2: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 5. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white triangles represent the approximate dates of known recorded timber harvesting events within a
200 m radius around the lake on the basis of available forest inventory data. O3, O2, and O1 delineate the
periods of known spruce budworm outbreaks in the 20™ century corresponding to 1912-1929, 1946-1959,
and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004; Boulanger et al.,
2012).
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Figure G.3: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 8. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white triangles represent the approximate dates of known recorded timber harvesting events within a
200 m radius around the lake on the basis of available forest inventory data. O3, O2, and O1 delineate the
periods of known spruce budworm outbreaks in the 20" century corresponding to 1912-1929, 1946-1959,
and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004; Boulanger et al.,
2012).
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Figure G.4: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 2. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white triangles represent the approximate dates of known recorded timber harvesting events within a
200 m radius around the lake on the basis of available forest inventory data. O3, 02, and O1 delineate the
periods of known spruce budworm outbreaks in the 20" century corresponding to 1912-1929, 1946-1959,
and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004; Boulanger et al.,
2012).
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Figure G.5: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 1. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white and red triangles represent the approximate dates of known recorded timber harvesting, and
wildfire events, respectively, within a 200 m radius around the lake on the basis of available forest inventory
data. 03, 02, and Ol delineate the periods of known spruce budworm outbreaks in the 20™ century
corresponding to 1912-1929, 1946-1959, and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger
and Arseneault, 2004; Boulanger et al., 2012).
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Figure G.6: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 3. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white triangles represent the approximate dates of known recorded timber harvesting events within a
200 m radius around the lake on the basis of available forest inventory data. O3, O2, and O1 delineate the
periods of known spruce budworm outbreaks in the 20" century corresponding to 1912-1929, 1946-1959,
and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004; Boulanger et al.,

2012).
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Figure G.7: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site 4. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated accumulation
rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width index (black
line), and sample number (grey line) for the expressed population signal (EPS) chronology from 1900-2019.
The white and red triangles represent the approximate dates of known recorded timber harvesting, and
wildfire events, respectively, within a 200 m radius around the lake on the basis of available forest inventory
data. 03, 02, and Ol delineate the periods of known spruce budworm outbreaks in the 20™ century
corresponding to 1912-1929, 1946-1959, and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger
and Arseneault, 2004; Boulanger et al., 2012).
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Figure G.8: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site Bois Joli. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated
accumulation rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width
index (black line), and sample number (grey line) for the expressed population signal (EPS) chronology
from 1900-2019. The white and red triangles represent the approximate dates of known recorded timber
harvesting, and wildfire events, respectively, within a 200 m radius around the lake on the basis of available
forest inventory data. O3, 02, and O1 delineate the periods of known spruce budworm outbreaks in the 20™
century corresponding to 1912-1929, 1946-1959, and 1975-1992 respectively (Morin and Laprise, 1990;
Boulanger and Arseneault, 2004; Boulanger et al., 2012).
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Figure G.9: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site Buire. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated
accumulation rate (black line delineating grey bars), (b) the proportion of affected trees, and (c) ring-width
index (black line), and sample number (grey line) for the expressed population signal (EPS) chronology
from 1900-2019. The white triangles represent the approximate dates of known recorded timber harvesting
events within a 200 m radius around the lake on the basis of available forest inventory data. O3, O2, and O1
delineate the periods of known spruce budworm outbreaks in the 20" century corresponding to 1912-1929,
1946-1959, and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004;

Boulanger et al., 2012).
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Figure G.10: The lepidopteran and tree-ring width indices recording the impacts of the spruce budworm for
Site Bélanger. The (a) lepidopteran scale accumulation rate (dark grey bars) and annually interpolated
accumulation rate (black line delineating grey bars), (b) the proportion of affected trees, and (c¢) ring-width
index (black line), and sample number (grey line) for the expressed population signal (EPS) chronology
from 1900-2019. The white triangles represent the approximate dates of known recorded timber harvesting
events within a 200 m radius around the lake on the basis of available forest inventory data. O3, O2, and O1
delineate the periods of known spruce budworm outbreaks in the 20 century corresponding to 1912-1929,
1946-1959, and 1975-1992 respectively (Morin and Laprise, 1990; Boulanger and Arseneault, 2004;
Boulanger et al., 2012).
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APPENDIX H
POLLEN DIAGRAMS

Pollen counts of the major arboreal species in the mixed boreal forest were conducted over the entire length
of the Lake Buire sediment column at an approximate 100-year interval to obtain the changes in forest
composition over time. Specifically, species typically associated with wildfire presence and absence such
as Picea cf mariana, and Betula spp and Abies balsamea, and Pinus strobus respectively, were retained and
assessed. Percentage of each species over time was derived from the pollen influx (Figure H.1). The
Abies:Picea ratio was obtained by dividing the percentage of A. balsamea pollen present relative to the
percentage of P. ¢f. mariana pollen present at each corresponding depth. Therefore, an increase in the ratio
suggests a greater proportion of 4. balsamea present relative to P. ¢f. mariana or a decrease in the proportion
of P. ¢f. mariana present relative to A. balsamea. Conversely, a decrease in the ratio may suggest either an
increase in P. c¢f. mariana relative to A. balsamea or a decrease in A. balsamea pollen relative to P. cf-
mariana. The pollen graph was created using the rioja package (Juggens, 2020) with the R statistical
software (R Core Team, 2021).
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Figure H.1: The percentage of pollen of the major arboreal species present over time at Lake Buire.
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APPENDIX I
DISTURBANCE EVENT FREQUENCY SMOOTHING WINDOW WIDTHS

In order to determine the optimal smoothing window width, percent change in the variability of disturbance

event frequency was calculated using the following:

(reference value — new value)

% change =
reference value

where reference value was the variance in event frequency captured with the smallest useable window width
(100 years in this case); new value was the variance in event frequency captured by a window-width of 200,
300, 400, 500, 1000 years, or a window width determined by unbiased cross-validation (‘BW.UCV’;
Blarquez et al. 2014; Figure 1.1). A negative value in the % change metric suggests a loss in variance. In an
effort to strike a balance between retaining as much variability as possible and maintain an adequate sample
size, the 200-year window was selected to calculate the event frequencies for both the spruce budworm and

wildfires (Figure 1.2).
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Figure I.1: The percent change in the variance when using different smoothing window widths for
lepidopteran scale (SB; blue points and lines) and charcoal accumulations (CHAR; orange points and line).
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Figure 1.2: The disturbance event frequencies as calculated by different smoothing window widths with the
kdffreq function (Blarquez et al., 2014) for (a) the large spruce budworm population and (b) wildfire events.
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APPENDIX J
STARS METHODOLOGICAL DETAILS

The STARS method is used to identify change points in a time series (i.e. changes in spruce budworm and
wildfire event frequencies over the course of the Holocene) by comparing each observation to the previous
observations and determining whether a regime shift has occurred (Rodionov, 2004; Stirnimann et al., 2019).
This is done using a running window of specified width, /, within which a Student’s t-test is performed
determining whether the new observation rejects or fails to reject the null hypothesis i.e., is there the
presence of a regime shift? (Rodionov, 2004; Stirnimann et al., 2019). A potential change point is identified
when the mean value of the new regime exceeds the range established by the old regime (Rodionov, 2004;

Rodionov and Overland, 2005):

- 207
Xnew = Xcur £t ! /

l

where X, 1s the mean for the new regime; X, is the mean for the current regime; # is the value obtained
from the t-distribution with degrees of freedom of 2/-2 at probability level p (Rodionov 2004); 6 is the
average variance of the /-year intervals in the time series; / is the window width specified by the user. The
Regime Shift Index (RSI) is calculated at each potential change point, ¢, and is used to reject (or fail to

reject) the null hypothesis (Rodionov 2004; Rodionov and Overland 2005):

ct+m

x;
RSIc = Z o,
i=c l

*

where RSI; is the cumulative sum of normalized deviations, x;,

of the new potential mean with x; =
Xnew — X; indicating a downward shift and x; = X, — x; indicating an upward shift (Rodionov, 2004;
Stirnimann et al., 2019); ¢ is the potential change point; m is the number of observations since starting the
new regime and ranges from O to /-1; / is the user-specified window width; and o; is the mean standard
deviation of all the intervals in the time-series of width / (Rodionov and Overland, 2005). A new regime is
identified at ¢ when the RSI sum maintains a positive value over the length of /-1; otherwise, if the sum

becomes negative, the test has failed at the chosen level of significance, p, and RSI is assigned a value of 0

(Rodionov, 2004; Rodionov and Overland, 2005).
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Prior to conducting STARS certain considerations must be taken into account such as prewhitening the data,
selecting an appropriate window width, and weighing of observations. In this case, none of the time series
were prewhitened prior to conducting STARS. The disturbance event peak frequencies were derived from
output of the CharAnalysis program. The identified events are what are leftover following the application
of multiple and rigorous thresholds (Higuera, 2009; Higuera et al., 2010). The Abies: Picea ratio time series
did not undergo this process, however, prewhitening of this series by applying the Inverse Proportionality
with 4 corrections (IP4 method) yielded exactly the same result as an analysis without prewhitening
(Appendix K). The specified window width should be chosen based on the units of the time series and the
phenomenon one is investigating (Stirnimann et al., 2019), noting that smaller window width can result in
an increase of detected regime shifts (Rodionov, 2004; Rodionov and Overland, 2005). Finally, outlying
observations can be weighed using Huber’s weight parameter to reduce their effect on calculated regime
means thereby avoiding faulty regime shift detections (Rodionov, 2006; Stirnimann et al., 2019). Huber’s
weight parameter in a sense determines the cut-off range for outlying values i.e., a Huber’s weight parameter
of 1 considers that values falling beyond 1 standard deviation from the mean are outliers. If the observation
value is less than or equal to the Huber’s weight parameter value it is then given a value of 1 (not an outlier),
otherwise applied weights will be inversely proportional to its distance from the new regime’s mean value

(Rodionov, 2006; Stirnimann et al., 2019).
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APPENDIX K
ABIES:PICEA RATIO RAW VS. PREWHITENING

The pollen influx, and subsequent Abies:Picea ratio did not undergo the CharAnalysis procedure and may
have warranted prewhitening of the observations to remove any background noise. Prewhitening using the
IP4 method (Rodionov, 2006) in the rstars function (Stirniman et al., 2019) was done on the ratio and
compared to the unprewhitened data (Figure K.1). No differences were found between the two analyses

(Table K.1), and therefore, the raw data was used.
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Figure K.1: The Abies:Picea ratio (black line) and mean ratio (red line) for Lake Buire over the course of
the Holocene (a) with prewhitened observations using the IP4 method and (b) without any prewhitening.
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Number of Shift
Observations detected 1t occutience Calculated means
(cal. year BP)

shifts
Raw 2 5962, 3441 0.207, 0.468, 0.244
IP4 method 2 5962, 3441 0.207, 0.468, 0.250
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APPENDIX L
RAW HOLOCENE LEPIDOPTERAN SCALE COUNTS AT LAKE BUIRE

Table L.1: Raw lepidopteran scale count at the various depths of the Lake Buire sediment column. The
outlier is located at the 1048-1049 cm depth.

Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count
349-350 7 364-365 6
350-351 4 365-366 5
351-352 12 366-367 6
352-353 2 367-368 5
353-354 9 368-369 7
354-355 17 369-370 11
355-356 8 370-371 17
356-357 10 371-372 13
357-358 19 372-373 29
358-359 13 373-374 11
359-360 10 374-375 2
360-361 13 375-376 3
361-362 24 376-377 1
362-363 22 377-378 2
363-364 15 378-379 4
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

379-380 4 399-400 7

380-381 4 400-401 1

381-382 7 401-402 4

382-383 5 402-403 15
383-384 1 403-404 2

384-385 7 404-405 18
385-386 8 405-406 19
386-387 6 406-407 5

387-388 4 407-408 9
388-389 12 408-409 12
389-390 4 409-410 13
390-391 4 410-411 11
391-392 13 411-412 18
392-393 4 412-413 9
393-394 11 413-414 24
394-395 6 414-415 19
395-396 12 415-416 13
396-397 17 416-417 12
397-398 3 417-418 18
398-399 3 418-419 4
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

419-420 14 439-440 10
420-421 36 440-441 3
421-422 9 441-442 15
422-423 13 442-443 11
423-424 6 443-444 16
424-425 23 444-445 12
425-426 25 445-446 12
426-427 11 446-447 20
427-428 22 447-448 17
428-429 7 448-449 23
429-430 14 449-450 11
430-431 15 450-451 21
431-432 4 451-452 9
432-433 6 452-453 11
433-434 4 453-454 10
434-435 10 454-455 14
435-436 7 455-456 19
436-437 12 456-457 25
437-438 6 457-458 25
438-439 8 458-459 31
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

459-460 24 479-480 10
460-461 11 480-481 12
461-462 16 481-482 12
462-463 16 482-483 16
463-464 16 483-484 10
464-465 11 484-485 10
465-466 15 485-486 3
466-467 10 486-487 12
467-468 19 487-488 9
468-469 10 488-489 7
469-470 9 489-490 7
470-471 13 490-491 14
471-472 10 491-492 16
472-473 16 492-493 3
473-474 21 493-494 9
474-475 13 494-495 10
475-476 14 495-496 16
476-477 5 496-497 12
477-478 9 497-498 13
478-479 10 498-499 17
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

499-500 32 519-520 19
500-501 12 520-521 12
501-502 22 521-522 12
502-503 16 522-523 9
503-504 6 523-524 14
504-505 5 524-525 21
505-506 11 525-526 13
506-507 11 526-527 10
507-508 11 527-528 12
508-509 20 528-529 23
509-510 15 529-530 26
510-511 8 530-531 5
511-512 17 531-532 14
512-513 14 532-533 12
513-514 16 533-534 9
514-515 31 534-535 13
515-516 8 535-536 12
516-517 11 536-537 16
517-518 13 537-538 14
518-519 37 538-539 15
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

539-540 31 559-560 36
540-541 29 560-561 11
541-542 18 561-562 13
542-543 46 562-563 4
543-544 11 563-564 26
544-545 25 564-565 14
545-546 10 565-566 19
546-547 8 566-567 39
547-548 12 567-568 30
548-549 9 568-569 16
549-550 14 569-570 12
550-551 9 570-571 16
551-552 9 571-572 13
552-553 17 572-573 22
553-554 23 573-574 21
554-555 16 574-575 11
555-556 31 575-576 22
556-557 35 576-577 32
557-558 24 577-578 16
558-559 16 578-579 28
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

579-580 32 599-600 32
580-581 13 600-601 30
581-582 24 601-602 36
582-583 14 602-603 24
583-584 18 603-604 19
584-585 25 604-605 40
585-586 20 605-606 34
586-587 26 606-607 24
587-588 41 607-608 21
588-589 28 608-609 40
589-590 6 609-610 29
590-591 10 610-611 54
591-592 24 611-612 21
592-593 23 612-613 27
593-594 14 613-614 36
594-595 23 614-615 51
595-596 27 615-616 28
596-597 24 616-617 39
597-598 30 617-618 21
598-599 36 618-619 19

135



Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

619-620 13 639-640 18
620-621 34 640-641 24
621-622 40 641-642 43
622-623 26 642-643 55
623-624 11 643-644 43
624-625 12 644-645 38
625-626 9 645-646 16
626-627 17 646-647 26
627-628 32 647-648 29
628-629 31 648-649 64
629-630 37 649-650 29
630-631 17 650-651 38
631-632 14 651-652 22
632-633 16 652-653 39
633-634 13 653-654 15
634-635 15 654-655 26
635-636 8 655-656 20
636-637 43 656-657 17
637-638 23 657-658 24
638-639 18 658-659 32
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

659-660 24 679-680 17
660-661 12 680-681 12
661-662 30 681-682 34
662-663 44 682-683 27
663-664 29 683-684 18
664-665 20 684-685 24
665-666 49 685-686 9
666-667 24 686-687 11
667-668 31 687-688 24
668-669 83 688-689 15
669-670 47 689-690 8
670-671 38 690-691 10
671-672 30 691-692 8
672-673 26 692-693 15
673-674 19 693-694 9
674-675 24 694-695 9
675-676 45 695-696 28
676-677 21 696-697 34
677-678 34 697-698 45
678-679 23 698-699 23
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

699-700 22 719-720 34
700-701 14 720-721 22
701-702 18 721-722 14
702-703 22 722-723 16
703-704 21 723-724 30
704-705 26 724-725 18
705-706 23 725-726 24
706-707 18 726-727 31
707-708 31 727-728 36
708-709 45 728-729 26
709-710 33 729-730 75
710-711 27 730-731 49
711-712 34 731-732 22
712-713 41 732-733 40
713-714 28 733-734 17
714-715 27 734-735 35
715-716 33 735-736 10
716-717 28 736-737 15
717-718 53 737-738 15
718-719 54 738-739 11

138



Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

739-740 25 759-760 20
740-741 24 760-761 24
741-742 28 761-762 20
742-743 23 762-763 24
743-744 24 763-764 82
744-745 47 764-765 34
745-746 20 765-766 53
746-747 35 766-767 13
747-748 32 767-768 41
748-749 28 768-769 31
749-750 15 769-770 25
750-751 11 770-771 9
751-752 5 T71-772 6
752-753 11 772-773 18
753-754 10 773-774 33
754-755 5 774-775 32
755-756 19 775-776 13
756-757 16 776-777 22
757-758 8 T77-778 24
758-759 34 778-779 14
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

779-780 31 799-800 23
780-781 41 800-801 42
781-782 32 801-802 24
782-783 24 802-803 17
783-784 40 803-804 17
784-785 23 804-805 15
785-786 29 805-806 40
786-787 19 806-807 21
787-788 30 807-808 44
788-789 15 808-809 25
789-790 33 809-810 10
790-791 23 810-811 29
791-792 22 811-812 19
792-793 15 812-813 32
793-794 23 813-814 15
794-795 22 814-815 25
795-796 19 815-816 45
796-797 39 816-817 35
797-798 23 817-818 27
798-799 24 818-819 11
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

819-820 21 839-840 20
820-821 11 840-841 15
821-822 12 841-842 21
822-823 5 842-843 26
823-824 24 843-844 20
824-825 19 844-845 25
825-826 9 845-846 22
826-827 12 846-847 27
827-828 33 847-848 20
828-829 18 848-849 16
829-830 16 849-850 22
830-831 16 850-851 38
831-832 38 851-852 20
832-833 26 852-853 15
833-834 12 853-854 29
834-835 22 854-855 33
835-836 31 855-856 35
836-837 28 856-857 30
837-838 18 857-858 18
838-839 10 858-859 24
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

859-860 22 879-880 38
860-861 32 880-881 34
861-862 10 881-882 47
862-863 17 882-883 23
863-864 11 883-884 25
864-865 14 884-885 22
865-866 14 885-886 17
866-867 20 886-887 43
867-868 17 887-888 14
868-869 19 888-889 26
869-870 16 889-890 20
870-871 24 890-891 31
871-872 35 891-892 68
872-873 28 892-893 8
873-874 37 893-894 22
874-875 14 894-895 43
875-876 40 895-896 35
876-877 20 896-897 39
877-878 31 897-898 39
878-879 40 898-899 46
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

899-900 36 919-920 37
900-901 177 920-921 74
901-902 27 921-922 43
902-903 19 922-923 24
903-904 52 923-924 38
904-905 29 924-925 46
905-906 26 925-926 44
906-907 34 926-927 42
907-908 45 927-928 28
908-909 39 928-929 23
909-910 33 929-930 19
910-911 42 930-931 23
911-912 49 931-932 29
912-913 36 932-933 39
913-914 39 933-934 32
914-915 35 934-935 30
915-916 41 935-936 33
916-917 30 936-937 88
917-918 30 937-938 39
918-919 28 938-939 48
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

939-940 66 959-960 41
940-941 23 960-961 45
941-942 17 961-962 36
942-943 46 962-963 53
943-944 38 963-964 51
944-945 31 964-965 36
945-946 13 965-966 35
946-947 31 966-967 40
947-948 33 967-968 27
948-949 41 968-969 54
949-950 20 969-970 32
950-951 54 970-971 58
951-952 32 971-972 18
952-953 54 972-973 8
953-954 31 973-974 25
954-955 24 974-975 8
955-956 30 975-976 5
956-957 19 976-977 13
957-958 28 977-978 4
958-959 45 978-979 10
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

979-980 12 999-1000 27
980-981 12 1000-1001 36
981-982 5 1001-1002 45
982-983 14 1002-1003 46
983-984 5 1003-1004 37
984-985 10 1004-1005 33
985-986 2 1005-1006 38
986-987 18 1006-1007 16
987-988 21 1007-1008 22
988-989 20 1008-1009 22
989-990 15 1009-1010 17
990-991 10 1010-1011 31
991-992 14 1011-1012 16
992-993 13 1012-1013 34
993-994 16 1013-1014 80
994-995 17 1014-1015 52
995-996 28 1015-1016 41
996-997 23 1016-1017 34
997-998 12 1017-1018 49
998-999 25 1018-1019 50
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

1019-1020 22 1039-1040 39
1020-1021 21 1040-1041 29
1021-1022 44 1041-1042 40
1022-1023 21 1042-1043 18
1023-1024 32 1043-1044 14
1024-1025 38 1044-1045 19
1025-1026 19 1045-1046 47
1026-1027 50 1046-1047 74
1027-1028 35 1047-1048 36
1028-1029 20 1048-1049 1513
1029-1030 15 1049-1050 38
1030-1031 11 1050-1051 29
1031-1032 24 1051-1052 34
1032-1033 42 1052-1053 27
1033-1034 60 1053-1054 18
1034-1035 22 1054-1055 13
1035-1036 23 1055-1056 9
1036-1037 57 1056-1057 10
1037-1038 25 1057-1058 11
1038-1039 25 1058-1059 13
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Depth (cm) Lepidopteran scale count Depth (cm) Lepidopteran scale count

1059-1060 17 1079-1080 18
1060-1061 15 1080-1081 6
1061-1062 8 1081-1082 25
1062-1063 8 1082-1083 11
1063-1064 5 1083-1084 2
1064-1065 2 1084-1085 3
1065-1066 13 1085-1086 1
1066-1067 6 1086-1087 3
1067-1068 11 1087-1088 6
1068-1069 17 1088-1089 1
1069-1070 9
1070-1071 7
1071-1072 22
1072-1073 14
1073-1074 5
1074-1075 19
1075-1076 15
1076-1077 21
1077-1078 31
1078-1079 21
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