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Abstract
Fossil lepidopteran scales found in lake sediments are a new proxy for reconstructing
population outbreaks of important forest moth pests such as spruce budworm
(Choristoneura fumiferana Clemens), hemlock looper (Lambdina fiscellaria Guenée),
and forest tent caterpillar (Malacosoma disstria Hübner). We introduce a new method to
distinguish these pests and two others, eastern blackheaded budworm (Acleris variana
Fernie) and jack pine budworm (Choristoneura pinus Freeman), by traits on their wingscale ultrastructure as seen using scanning electron microscopy. We made qualitative and
quantitative comparisons of morphological traits at the ultrastructural level and found that
hemlock looper and eastern blackheaded budworm scales could be categorically
separated from each other and from the three other species. The remaining three species
were not as easily distinguished, especially when trying to identify unknown fossil scales.
Using this new proxy, we produced a high-resolution record of fossil lepidopteran scales
using a 173-cm sediment core collected from Killarney Lake, in central New Brunswick,
Canada. Our results show that fossil scales were abundant and well preserved over a
1620-year period. A total of 29 scale peaks were detected for an average periodicity of
55.8 years.
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Chapter 1 General Introduction
Significance of natural disturbance in Canadian forests
Forest ecosystems make up 60% of Canada’s landscape (Eamer et al. 2010) and
provide habitat for most of the estimated 80,000 species of wildlife in Canada. Diverse
and resilient forests are critical in order for biological biodiversity to thrive. Natural
disturbance plays a major role in maintaining balanced forest ecosystems and in turn,
biological diversity (Thom and Seidl 2016). Disturbance agents such as fire and insect
defoliation are an integral part of ecosystem dynamics (Franklin et al. 2002; Kuuluvainen
and Aakala 2011) and functioning (Weber and Flannigan 1997). These disturbances
contribute to key processes in forest dynamics such as forest composition, succession,
and carbon-cycling. By removing older canopy trees from the forest, natural disturbance
drives forest renewal, allowing for regeneration of new young stands (Volney and Hirsch
2005). Additionally, the suppressed growth and mortality of trees often caused by natural
disturbance aids in releasing nutrients stored in trees and plays an important role in the
carbon cycle (Fleming 2000). As climate warming continues to change ecological
landscapes worldwide, an increasing number of studies have attempted to understand and
predict how these aspects of disturbance are likely to change under future climate change
scenarios (Ayres and Lombardero 2000; Fleming 2000; Volney and Fleming 2000; Dale
et al. 2001; Dukes et al. 2009; Klapwijk et al. 2012). Potential impacts of climate change
on insect disturbance alone are numerous. Geographical ranges of important insect pests
may shift or expand into new areas of suitable habitat at their northern limits and into
higher elevations, and species may potentially move to secondary hosts (Williams and
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Liebhold 1997; Candau and Fleming 201l; Pureswaran et al. 2015; Hartl-Meier et al.
2017). Temperature anomalies may trigger early budburst of tree hosts, or cause late
emergence of larval defoliators, leading to phenological asynchrony between species and
their hosts (Bale et al. 2002; Jepsen et al. 2008; Régnière et al. 2012; Pureswaran et al.
2015; Wermelinger et al. 2018; Stead et al. 2020). And, the frequency of sudden weather
events, such as early frosts (Volney and Fleming 2000) and drought (Mattson and Haack
1987), may increase stress and mortality for important insect species, altering timing of
life cycle events, and increasing their vulnerability to attack from parasitoids and
diseases. How these changes will affect forest ecosystems has become the focus of many
forest ecologists. Predicting how ecosystems are likely to change is difficult because
many areas are affected by multiple disturbances (e.g., insect outbreak, fire, disease,
anthropogenic deforestation) and the interactions between these different disturbance
regimes must also be considered (Furyaev et al. 1983; Fleming 2000). The changing
ecological processes caused by each of these disturbances and climate are all interrelated
(Dale et al. 2001)

Reconstructing insect disturbance using a paleoecological approach
Disturbances such as fire and insect outbreaks are infrequent, with periodic cycles
of events over extended temporal scales, and few cycles occurring during the lifetime of a
researcher. Paleoecology provides an extended view of disturbances over millennial
timescales. Using evidence from the past through various proxies, paleoecological
techniques allow researchers to reconstruct histories of past disturbance. High resolution
reconstructions of disturbance allow researchers to study the occurrence, frequency, and
2

severity of disturbance events over long temporal scales, and observe potential changes
that cannot be detected using modern records. Additionally, disturbance histories can be
compared to paleoclimate and used to improve our understanding of the relationships
between importance disturbance agents, such as fire and insect outbreaks, and climate.
Histories of fire disturbance can be reconstructed by analyzing charcoal fragments
accumulated in sediments and biological proxies such as fossilized insect parts can be
used to reconstruct insect population histories of past ecosystems. Not until recently,
however, has insect disturbance been reconstructed using paleoecological techniques.
Second to wildfires, insects are the most important disturbance agent in Canadian
forests. In 2017, 15.6 million of the 347 million ha of forests in Canada were affected by
insects (Natural Resources Canada 2018). Canadian forests are home to at least 106
species of outbreaking insect defoliators, with the order Lepidoptera contributing the
greatest number (70%) and some of the most destructive forest pests due to defoliation of
their hosts (Johns et al. 2016). The most infamous of these Lepidoptera pests in eastern
North America is the spruce budworm (Choristoneura fumiferana Clemens). In fact,
during the most recent outbreak in Quebec, spruce budworm had defoliated 7.1 million
hectares of trees by the end of 2017 (Québec Ministère des Forêts de la Faune et des
Parcs 2017). Defoliation not only affects overall forest landscape structure, but also the
quality and abundance of harvestable timber (Chang et al. 2012), forest succession
(Baskerville 1975) and potential risks involving interactions with other disturbances such
as fire (Candau and Fleming 2011; James et al. 2017).
The population dynamics of spruce budworm has attracted special ecological
interest because of their substantial ecological and economic impact over large areas. The

3

factors that regulate and synchronize apparent 25-40 year outbreak cycles have been a
long-standing interest among population ecologists (e.g. Swaine and Craighead 1924;
Morris 1963; Blais 1983; Johns et al. 2016; Royama et al. 2017). The great length of
spruce budworm cycles, however, means that relatively few cycles have been studied in
detail. It is still unknown how long spruce budworm populations have been cycling, what
the relationship is between outbreak frequency and climate, and whether the geographical
origin of outbreaks has shifted through time. These questions require long term data,
necessitating a paleoecological approach (Pureswaran et al. 2016). Recently, a new
method was introduced to reconstruct population histories of Lepidoptera pests, such as
spruce budworm, using paleoecological techniques. This new method uses fossil
lepidopteran scales found in lake sediments to reconstruct population histories over
millennial timescales (Navarro et al. 2018b; Montoro-Girona et al. 2018). With the use of
lepidopteran scales, researchers can reconstruct records of past moth pest species
outbreaks and observe how their dynamics may relate to climate.

Significance of climate / spruce budworm interaction
With the increasing risk of climate change, scientific interest has increased over
the last few decades into the relationship between climate and insect defoliators,
specifically how the frequency and severity of disturbance may change in response to a
changing climate (Ayres and Lombardero 2000; Volney and Fleming 2000; Dale et al.
2001; Dukes et al. 2009; Klapwijk et al. 2012). The effects of climate on eastern spruce
budworm species alone have been researched extensively (Greenbank 1956, 1963; Pilon
and Blais 1961; Blais 1981; Lucuik 1984, Régnière and Duval 1998; Fleming et al. 2002;
4

Candau and Fleming 2005, 2011; Gray 2013). Temperature and precipitation both affect
spruce budworm. Temperature affects development rates and overwintering survival of
spruce budworm during the diapause stage. Colder than usual temperatures put insects at
risk of not reaching diapause before the onset of winter, and warmer temperatures control
the rate that energy reserves are used (Blais 1958; Han and Bauce 2000). Wellington et
al. (1950) suggests that spruce budworm prefers a dry environment and that high
precipitation may deter larva from feeding due to saturation of their tunnels. This is
supported by studies that show that the initiation of an outbreak is often associated with
warm, dry climate, such as several consecutive dry summers (Wellington et al. 1950;
Greenbank 1956; Pilon and Blais 1961) or spring and autumn droughts (Wellington et al.
1950; Ives 1974).
It remains difficult to form specific predictions about changes in future spruce
budworm populations because of the complexity of their ecological interactions,
involving various host plants, diseases, and at least 56 different natural enemies that
include vertebrate and invertebrate predators (Royama 1984; Eveleigh et al. 2007;
Sturtevant et al. 2015). Climate factors such as temperature and precipitation have
different effects on each of these components of the spruce budworm ecological system.
For example, spruce budworm are adapted to be synchronized with their hosts. In order to
increase survival and optimize spring performance, larval emergence after overwintering
is carefully timed with budburst of hosts (Stead et al. 2020). Changes to climate can alter
the timing of either larval emergence or budburst from hosts leading to phenological
mismatches. The parasitoid enemies of spruce budworm are affected by temperature and
precipitation in various ways such as development rates (Thireau and Régnière 1995),
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flight activity (Elliott et al. 1986) and oviposition rate (Nealis 1988). Spruce budworm
hosts, natural enemies and pathogens, not only each have their own responses to climate,
but also have unknown interactions as consequences of these responses. The net effect of
these interactions may indirectly impact spruce budworm (Gray 2008). Most research
concludes that because of these complex interactions, the response of spruce budworm
population cycling to climate change is largely unknown (Dukes et al. 2009). In this
thesis, I have taken a paleoecological approach to investigate further the relationship
between climate and spruce budworm outbreaks.

Thesis organization and objectives
The objective of my thesis is to reconstruct spruce budworm outbreaks over the
late-Holocene in central New Brunswick. Using fossil lepidopteran scales found in lake
sediment as direct evidence of populations, I identified outbreaks as peaks in the scale
accumulation rate. When peaks are found in the fossil record, it is necessary to then
attribute them to a particular Lepidoptera species. The current method, developed by
Navarro et al. (2018a), distinguishes scales from common moth species based on shape of
entire wing scales as viewed by light microscopy. Unfortunately, their method is unable
to identify a large percentage of scales because scale morphometrics can only be
measured on entire scales. Navarro et al.’s (2018a) method excludes scales found in
suboptimal condition, as they often occur. To overcome this problem, I investigated the
possibility of distinguishing moth species based on the ultrastructure of their wing scales,
which can be observed even on fragments of fossils using scanning electron microscopy
(SEM).
6

The first part of my thesis (Chapter 2) presents a new method to distinguish the
scale-types of five common Lepidoptera pests in eastern North America; spruce
budworm, hemlock looper, (Lambdina fiscellaria Guenée), forest tent caterpillar
(Malacosoma disstria Hübner), jack pine budworm (Choristoneura pinus Freeman) and
eastern blackheaded budworm (Acleris variana Fernie). The objective of Chapter 2 is to
determine the potential of wing-scale ultrastructure to distinguish between five common
lepidopterans in eastern North America by making qualitative and quantitative
comparisons of ultrastructure traits between species using scanning electron microscopy
(SEM) images. This method provides new advantages for using scales as a proxy to
reconstruct past occurrence of lepidopterans when found as fossils in lake sediments.
I then investigated the relationship between spruce budworm cycles and climate
by asking how frequency and magnitude of spruce budworm cycles vary in relation to
two known climate events, the Little Ice Age (LIA) and the Medieval Climate Anomaly
(MCA). The second part of this thesis (presented in Chapter 3) is a 2200-year
reconstruction of fossil lepidopteran scales found in lake sediment from Killarney Lake,
New Brunswick, with the intention to identify possible spruce budworm outbreaks using
scale ultrastructure to distinguish spruce budworm-type scales. The objectives of Chapter
3 are to 1) reconstruct the influx of scales over a 2200-year period, 2) analyze the scaleinflux record for peaks representative of high density population periods indicative of
lepidopteran outbreaks, 3) identify scales-types present during peaks based on scale
ultrastructure, and 4) examine the frequency of outbreaks during two different climate
events, the Little Ice Age (LIA) and the Medieval Climate Anomaly (MCA).
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Statement of contributions
The ideas for this thesis were developed by Dr. Les Cwynar and me. I performed
data collection, analysis and interpretation. I wrote first drafts of all chapters that were
then edited by Dr. Les Cwynar, Dr. Stephen Heard and Dr. Rob Johns. Dr. Sara Edwards
helped design and conduct statistical analysis for Chapter 2. Data collection, including
sample preparation and measurements of ultrastructure traits, were conducted by myself
and Denica Grant (Chapter 2). Dr. Les Cwynar and I collected and subsampled the
research core with assistance from Denica Grant (Chapter 3). Sub-sampling and loss-onignition (LOI) analyses for the Killarney Lake core were conducted by Jennifer Chan and
Brayden Everett (Chapter 3). The majority of lepidopteran scale subsamples were
processed by Kayla Gaudet, with help from Dr. Les Cwynar and me (Chapter 3). Scales
were counted by me with assistance from Patricia Nancekivell and data analyses for
Killarney Lake core were conducted by me (Chapter 3).
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Abstract
The use of fossil moth wing scales has recently been introduced as a new method to
reconstruct population histories of lepidopterans and provide a proxy for insect
disturbance. We investigated the potential for using wing-scale ultrastructure to
distinguish between the five most common outbreak species of moth pests in eastern
North America: spruce budworm (Choristoneura fumiferana Clemens), hemlock looper
(Lambdina fiscellaria Guenée), forest tent caterpillar (Malacosoma disstria Hübner),
blackheaded budworm (Acleris variana Fernie) and jack pine budworm (Choristoneura
pinus Freeman). Using scanning electron images of scales, we made qualitative and
quantitative comparisons of morphological traits at the ultrastructural level. We found
that hemlock looper and eastern blackheaded budworm scales could be categorically
separated from each other and from the three other species. We developed a quadratic
discriminant function using measurements of ultrastructure traits that distinguishes scales
of the three remaining species with an overall accuracy of 66%. We found that forest tent
caterpillar could be well separated based on these traits, but we were less confident in
distinguishing the closely related jack pine and spruce budworm. Our method offers
potential advantages in scale identification for future studies in paleoecology, while
providing the additional advantage of not requiring intact, unfolded and undamaged
scales.

Keywords: spruce budworm, moth scales, scale ultrastructure, SEM, insect outbreaks,
insect disturbance
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Introduction
Insect defoliators are a major source of ecological disturbance in boreal forests
across eastern North America (Volney 1996; Zhang et al. 2014). Canadian forests are
home to at least 106 species of insect defoliators, with the order Lepidoptera contributing
the greatest number (70%) and some of the most destructive forest pests due to
defoliation of their hosts (Johns et al. 2016). Populations of these forest pests can increase
to epidemic levels known as outbreaks. These outbreaks have generated a great deal of
interest for economic and ecological reasons. Some species cause extensive damage to
forests leading to severe reductions in the quality and abundance of harvestable timber
resources. The economic impacts of these outbreaks can be significant. The eastern
spruce budworm (Choristoneura fumiferana Clemens; Tortricidae) outbreak of 1967–
1993 affected 50 million ha of forest in eastern North America (Sturtevant et al. 2015)
with an estimated loss of 44 million m3 of timber per year of the cycle. Economic models
indicate potential losses of $10.8–15.3 billion in Atlantic Canada over the course of a
cycle, depending on the severity of the outbreak (D.A. MacLean, unpublished data).
The population dynamics of spruce budworm have attracted special interest
among ecologists because these populations cycle every 25–40 years over large areas.
The factors that regulate and synchronize these cycles have been a long-standing interest
among population ecologists (e.g., Swaine and Craighead 1924; Morris 1963; Blais 1983;
Johns et al. 2016; Royama et al. 2017). The great length of spruce budworm cycles,
however, means that relatively few cycles have been studied in detail and many of the
interesting questions about the frequency of cycles—such as, how long have spruce
budworm populations been cycling, what is the relationship between outbreak frequency
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and climate, has the geographical origin of outbreaks shifted through time—require longterm data necessitating a paleoecological approach (Pureswaran et al. 2016).
A number of direct and indirect paleoecological methods have been attempted for
reconstructing the history of past outbreaks for a variety of forest insect pests.
Dendrochronological techniques pioneered by Swaine and Craighead (1924) and Blais
(1954) have been the most widely applied and most successful so far. The most popular
method is based on a comparison of ring-widths of host and nonhost tree species of the
target insect from a given site. The method, however, is limited by the age of the oldest
trees available, which in the case of balsam fir, the preferred host of spruce budworm,
and white pine, a commonly used nonhost species, is 300–400 years. Furthermore, the
method is indirect and cannot distinguish other possible agents of ring-growth
suppression, such as pathogens.
The most direct approach has been to recover fossil head capsules of spruce
budworm larvae from sediments, although Davis et al. (1980) found that the capsules
occurred too sporadically to provide reliable estimates of outbreak periodicity. Bhiry and
Filion (1996) recovered head capsules of spruce budworm and hemlock looper
(Lambdina fiscellaria Guenée; Geometridae) in association with insect-chewed hemlock
needles dating from the mid-Holocene Hemlock Decline, but again, these head capsules
were neither abundant nor consistently present from sample to sample. It is perhaps
unsurprising that the direct study of head capsules in sediments has proven to be
unrewarding because, unlike the abundant head capsules of chironomids whose larvae are
aquatic, the terrestrial larvae of lepidopterans are unlikely to fall into lakes and become
incorporated into sediments as fossils. Simard et al. (2002, 2006) devised the technique of
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using species-identifiable frass to determine past outbreaks of spruce budworm; however,
the frass did not always preserve in peats, resulting in fragmentary records. Thus,
whereas some of the existing methods can produce useful century-scale records, no
method has been able to produce detailed records of outbreaks on a millennial scale.
Recently, Navarro et al. (2018) introduced the novel use of moth wing scales to
reconstruct past outbreaks of spruce budworm. Because wing scales are made of chitin,
which is known to preserve well in lake sediments and peats, the technique offers the
potential of producing detailed records of outbreaks over millennial time scales. Navarro
et al. (2018) used linear discriminant analysis based on shape and other characteristics of
wing scales as viewed by light microscopy to identify scales from spruce budworm,
hemlock looper, and forest tent caterpillar moths (Malacosoma disstria Hübner;
Lasiocampidae). Their analysis was able to correctly discriminate 68% of spruce
budworm scales.
We have been independently developing the use of moth scales to reconstruct past
outbreaks of forest moth pests. In this paper we examine the potential of using wing-scale
ultrastructure to discriminate between the main species of moth pests of eastern North
America. The taxonomic potential of wing scale ultrastructure has been long recognized
(Downey and Allyn 1975; Ghiradella 1984, 1991). Scanning electron microscopy (SEM)
of moth-scale ultrastructure has been used to discriminate between families (Simonsen
2001; Simonsen and Kristensen 2001) and between species (Yang and Zhang 2011) of
lepidopterans. Navarro et al.’s (2018) analysis included three species: spruce budworm,
hemlock looper, and forest tent caterpillar. Our analysis builds upon those three species
by including an additional two species: eastern blackheaded budworm (Acleris variana
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Fernie; Torticidae) and jack pine budworm (Choristoneura pinus Freeman; Torticidae).
Additionally, we conducted analyses to determine if we can differentiate between male
and female moth scales for each of the five species. Rhainds and Heard (2015) found that
swarms formed during SBW outbreaks are female dominated. Thus, identification of
predominately female scales in the fossil record could indicate the presence of swarms,
typical during periods of high population densities. Our approach is to use SEM images
of scale ultrastructure for qualitative morphological and quantitative morphometric
comparisons between the five outbreak species.

Material and Methods
Specimens
We examined the wing scale ultrastructure of the five most common moth pest
species in eastern North America: eastern spruce budworm, hemlock looper, forest tent
caterpillar, jack pine budworm and eastern blackheaded budworm. Six males and six
females of each species were examined.
Male spruce budworm moths were obtained from pheromone traps in Dalhousie,
New Brunswick. Female spruce budworm, jack pine budworm, and blackheaded
budworm moths were provided by the Great Lakes Forestry Centre, Sault Ste Marie,
Ontario. Male jack pine budworm and blackheaded budworm specimens were caught in
pheromone traps located in New Brunswick and Cape Breton, Nova Scotia, respectively.
Hemlock looper specimens, both male and female were obtained from the Laurentian
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Forestry Centre, Quebec. The Forest Management branch of the Department of Energy
and Resource Development, NB, donated forest tent caterpillar moths.
Preparation and examination of wing scales
We used forceps to scrape scales onto carbon-taped stubs separately from the
dorsal side of a forewing and corresponding hindwing for each individual. The stubmounted scales were then sputter-coated with gold for conductivity using an Edwards
S150A coater. We collected secondary electron images of scales at a magnification of
5000X at the UNB Microscopy and Microanalysis Facility with a JEOL JSM-6400
scanning electron microscope using an accelerating voltage of 15 kV. Images were
acquired using a Digiscan II controlled by Gatan Digital Micrograph software.
Wing scale comparisons
Using terminology from Downey and Allyn (1975) and Ghiradella (1991), we
first examined scales for differences in qualitative ultrastructure traits, including spacing
of longitudinal ridges and cross ribs, and occurrence of pores between longitudinal ridges
(Fig. 2.1). We measured several ultrastructural traits for quantitative analysis. To
determine the uniformity of cross rib spacing, we counted the number of cross ribs within
a selected 5μm central section of the scale surface and measured the distance between
them. Pores are a prominent feature of many scales. We counted the number of pores in a
selected 5μm section and measured five pores from that section for pore height (diameter
parallel to longitudinal ridges), pore width (diameter perpendicular to longitudinal
ridges), and calculated the area of individual pores using the formula: A=πab, where a is
the radius along the horizontal axis and b is the radius along the vertical axis of the pore.
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If pores were absent in the 5µm section, but present elsewhere on the SEM image,
measurements were taken for up to 5 randomly selected pores. We also measured the
width of longitudinal ridges and distance between ridges. Measurements were made using
imaging software Fiji ver. 1.0 (Schindelin et al. 2012). To determine which of the various
traits could be use as a means to distinguish species from one another we conducted
various statistical analyses with the measurements to test for trait significance.
Statistical analysis
Non-metric multidimensional scaling
Clustering of scales and individual moths by wing scale ultrastructure was
visualized by non-metric multidimensional scaling (nMDS) using the metaMDS function
from the vegan package (v. 2.4-6; Oksanen et al. 2018). Dissimilarity matrices for the
nMDS were based on Bray-Curtis distance measures.
Unique features for species identification
Two species (hemlock looper and blackheaded budworm) displayed unique scale
features. Hemlock looper scales clearly displayed non-uniform spacing between cross
ribs (Fig. 2.1d) and blackheaded budworm scales had few (if any) pores (Fig. 2.1c). To
test statistically if non-uniform spacing between cross ribs could be used to distinguish
hemlock looper scales from the four other species, variance in the spacing between cross
ribs per scale was analyzed using a linear mixed-effects model (LMM). Model
parameters included fixed effects of species, sex, and a species by sex interaction, and a
random effect of moth (to account for repeated measures). Hemlock looper was used as
the reference species for the conditional model of the fixed effects (i.e. treatment
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contrasts) and females were used as the reference sex. Conditional models allowed for
comparisons in the variance in the distance between cross ribs of each individual species
to hemlock looper. The lmer function from the lme4 package (version 1.1-17; Bates et al.
2015) was used to conduct the LMM; uniformity of cross ribs was log transformed prior
to analysis to achieve normality. Most blackheaded budworm scales had no pores,
leading to an excessive number of zeros in the data. As such, a zero-inflated generalized
linear mixed effect model (ziGLMM) was used to determine if number of pores could be
used to differentiate blackheaded budworm from the other species. The same fixed and
random effects from the LMM were used as model parameters for the ziGLMM but
treatment contrasts were done using blackheaded budworm as the reference species. Our
ziGLMM was conducted using the glmmTMB function (family = gaussian) from the
glmmTMB package (v. 0.2.2.0; Brooks et al. 2017). The drop1 function (package: stats v.
3.4.0; R Core Team 2017) was used to evaluate the contribution of fixed effects in both
univariate analyses. First the species by sex interaction was evaluated, when it was not
significant, we removed the interaction term and compared reduced models with one of
the fixed effects removed to the full model with both effects present (following Zuur et
al. 2009). Where the interaction was significant, we did not evaluate the main effects
independently.
Discriminant analysis
No unique features of scale ultrastructure were identified to differentiate among
forest tent caterpillar, jack pine budworm and spruce budworm. Therefore, we applied a
discriminant analysis (DA) to determine whether ultrastructure could be used to
differentiate wing scales of these three species. Discriminant analysis requires
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independent observations (Zurr et al. 2007). Because we had repeated measures (multiple
scales per moth), which violate assumptions of independence, we pooled values and
reported each trait as the mean value per individual moth. Given our small sample size (6
of each sex per species) and high degree of overlap for female and male forest tent
caterpillar and spruce budworm (Fig. 2.2) we did not include sex as a grouping factor in
our DA (i.e. we used the DA to group individuals by species only).
An underlying assumption of DA is that the variables used to discriminate among
groups follow a multivariate normal distribution. Although normality of the individual
traits does not ensure a multivariate normal distribution, it can be used as a reasonable
first step in achieving multivariate normality (Looney 1995). As such, each trait was
visually assessed to determine if it generally followed a normal distribution. Traits
deviating from normality (e.g. skewed or bimodal distributions) even after normalizing
transformations were applied (i.e. log, arcsine square root transforms) were not included
in the DA. Four candidate traits were identified: number of cross ribs, distance between
longitudinal ridges, width of longitudinal ridges and the number of pores. With these four
candidate traits we formally tested all the underlying assumptions of DA. The only
assumption not met was homogeneity of variance. We therefore used a quadratic
discriminant analysis (QDA) over a linear discriminant analysis as QDA does not have an
underlying assumption of homogeneity (Zuur et al. 2007).
Training and testing the QDA
Seventy percent of our data was randomly selected and used to train our model (n
= 25) and the remaining thirty percent was used to test its accuracy (n = 11). Since our
goal was to identify species from single scales, we also randomly selected one third (n =
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120) of the individual scales (i.e. not pooled values per moth) to test our model’s
predictive ability at the scale-level. The process of randomly selecting training data, moth
level test data, and scale level test data was bootstrapped 100 times. For each bootstrap
we reported the accuracy (percent correct identifications) for the training and moth level
test data. For the scale-level test data, we reported the percent of correct identifications
per species and the percent of scales misidentified as either of the two additional species
(e.g. percent of spruce budworm scales identified as forest tent caterpillar, percent spruce
budworm identified as jack pine budworm, etc.). Our QDA was conducted using the qda
function from the MASS package (v. 7.3-49; Venables and Ripley 2002). All statistical
analyses were conducted using R software (v. 4.4.0; R Core Team 2017).

Results
Cross rib variance
Variance in the distance between cross ribs was highest in hemlock looper; all
other species had relatively uniform spacing with little variance (Fig. 2.3). The LMM
revealed no statistically significant interactions between species and sex, nor was there a
significant effect of sex on cross rib variance (F = 2.15, df = 1, p = 0.15 and F = 2.00, df
= 4, p = 0.11, respectively). However, there was a significant main effect of species (F =
495, df = 4, p < 0.001). Treatment contrasts revealed significantly lower variance in cross
rib spacing for each individual species as compared with hemlock looper (Table 2.1).
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Number of pores
Blackheaded budworm had the lowest number of pores per scale (Fig. 2.4).
However, there was significant species by sex interaction (LRT = 18.73, df = 4, p <
0.001). Closer inspection revealed that the species by sex interaction is driven by the
difference between male and female jack pine budworm (Fig. 2.4; Table 2.2). Because
this interaction does not affect blackheaded budworm (Table 2.2) and the 95%
confidence intervals from the scales of either sex of jack pine budworm do not overlap
with blackheaded budworm (mean 4.73 ± 1.81 and 7.90 ± 0.51 for female and male jack
pine budworm respectively and 0.13 ± 0.11 for blackheaded budworm), we felt it was
appropriate to interpret treatment contrasts (among species) to test our assumption that
blackheaded budworm has fewer pores compared to the other species. Contrasts were all
positive and significant (Table 2.2), indicating that blackheaded budworm had
significantly fewer pores than each of the other four species.
Quadratic Discriminant Analysis (QDA)
Mean (± SD) accuracy rates of the bootstrapped QDA were 92 ± 4 % for the
training data, 79 ± 12 % for moth-level test data and 66 ± 6 % for scale test data. Forest
tent caterpillar and jack pine budworm scales were more likely to be correctly identified
than spruce budworm (Table 2.3). We found good separation of forest tent caterpillar
from the budworm species (jack pine budworm and spruce budworm); an average of 24%
of forest tent caterpillar scales are incorrectly identified as either budworm species (Table
2.3). Most misidentifications were between the two species of budworm. It is rare for a
budworm scale to be identified as forest tent caterpillar (an average of 8% of scales from
each species are identified as forest tent caterpillar), however, differentiating between the
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two budworm species is more difficult and where most of the misidentifications occur
(Table 2.3).

Discussion
The purpose of the methods developed in this paper and that of Navarro et al.
(2018) is to identify fossil moth scales to species in an effort to reconstruct the outbreak
histories of specific forest moth pests. Fossil lepidopteran wing scales provide direct
evidence of the past occurrence of moth species and are a promising new paleoecological
proxy to reconstruct past insect disturbance (Navarro et al. 2018; Montoro Girona et al.
2018). The use of scale ultrastructure to identify fossil scales is an important contribution
to this growing field.
We showed that blackheaded budworm and hemlock looper can be categorically
separated from forest tent caterpillar, jack pine budworm and spruce budworm based on
unique qualitative morphological traits of scale ultrastructure. This result suggests that
distinctive morphological traits could be used to identify unknown fossil moth scales of
hemlock looper and blackheaded budworm. Blackheaded budworm was included in our
analysis because it shares the same preferred host species as spruce budworm and,
historically, outbreaks of the two species have overlapped both spatially and temporally,
as during their outbreaks in the 1940’s in eastern Canada (Miller 1966). It is therefore
important to be able to separate these two taxa. Also, although Navarro et al.’s analysis
correctly classified a high proportion of hemlock looper scales (79%), we determined that
hemlock looper can be categorically separated from the other four major moth outbreak
species based on scale ultrastructure, without the need for discriminant analysis.
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Quadratic Discriminant Analysis showed that forest tent caterpillar was well
separated from the budworm species (jack pine budworm and spruce budworm), with
only 24% of forest tent caterpillar scales incorrectly assigned to either jack pine budworm
or spruce budworm. We found that most misidentifications were between spruce
budworm and jack pine budworm (39% of SBW incorrectly assigned as JPBW, and 23%
JPBW incorrectly assigned as SBW), indicating a high degree of similarity in scale
ultrastructure between these two species. Spruce budworm and jack pine budworm are
closely related species both belonging to the genus Choristoneura (Freeman 1967),
whose scales we correctly distinguished from forest tent caterpillar 76% of the time. The
hosts and outbreak characteristics of spruce budworm and jack pine budworm, however,
differ. Jack pine budworm have a strong preference for jack pine (Pinus banksiana
Lambert) (Volney 1988) but, larvae will occasionally feed on other pine species (Kulman
and Hodson 1961) as opposed to spruce budworm, whose hosts are chiefly balsam fir
(Abies balsamea (L.) Miller), white spruce (Picea glauca (Moench) Voss) and black
spruce (Picea mariana Miller). Jack pine stands are found primarily on dry, sandy soils.
Given the strong preference jack pine budworm has for its host and its host for particular
edaphic conditions, study sites could be selected to minimize the past local occurrence of
jack pine trees and therefore be able to presume that any Choristoneura scale found is
likely from spruce budworm.
Fossils, such as wing scales are commonly found in suboptimal condition. The
method developed by Navarro et al. (2018) differs from ours in that scale morphometrics
can only be measured on entire scales, excluding any scales that were broken or folded. A
potential advantage of our method when applied as a paleoecological tool is that scale
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ultrastructure can be observed as long as a central fragment of a scale is present. If fossils
are damaged or folded, our method provides the advantage of being able to identify a
greater proportion of fossil scales towards establishing a reasonable count; a significant
advantage if scales are not especially abundant at a site.

Conclusion
Of the five most common outbreaking moth species in eastern North America,
hemlock looper, blackheaded budworm can be categorically identified by qualitative
differences in scale ultrastructure. Although we observed overlap between the two
Choristoneura sp. in both the nMDS and QDA results, good separation was shown
between forest tent caterpillar and these two species based on differences in scale
ultrastructure traits. We conclude from our study that scale ultrastructure can be used to
distinguish hemlock looper and blackheaded budworm categorically, and forest tent
caterpillar with a high degree of certainty using QDA. Identification of the two remaining
species (jack pine budworm and spruce budworm) is more difficult due to overlap of
scale ultrastructure traits, although site selection to maximize for spruce budworm habitat
and minimize jack pine budworm habitat may improve the assignment of fossil scales of
Choristoneura to species.
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Table 2.1: Treatment contrast results for the main effect of species from our linear mixed
effect model testing the effect of moth species and sex on the variance among cross ribs
per scale for Choristoneura pinus (JPBW), Malacosoma disstria (FTC), Acleris variana
(EBB), Lambdina fiscellaria (HL) and Choristoneura fumiferana (SBW). Hemlock
looper was used as the reference species for species contrasts.
Parameters

Estimate (SE)

t value

(Intercept)

-2.23 (0.12)

-18.1

<0.01

EBB

-4.99 (0.17)

-28.7

<0.01

FTC

-5.11 (0.17)

-29.3

<0.01

JPBW

-3.94 (0.17)

-22.6

<0.01

SBW

-3.36 (0.17)

-19.3

<0.01

Sex (M)

-0.30 (0.17)

-1.72

0.09

EBB: Sex (M)

0.25 (0.25)

1.03

0.31

FTC: Sex (M)

0.37 (0.25)

1.50

0.14

JPBW: Sex (M)

0.43 (0.25)

1.74

0.09

SBW: Sex (M)

-0.15 (0.25)

-0.60

0.55

Note: Hemlock looper was used as the reference species for species contrasts.
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Table 2.2: Treatment contrast results for the main effect of species from our general
linear mixed effect model testing the effect of moth species and sex on the number of
pores per scale for Choristoneura pinus (JPBW), Malacosoma disstria (FTC), Acleris
variana (EBB), Lambdina fiscellaria (HL) and Choristoneura fumiferana (SBW).
Blackheaded budworm was used as the reference species.
Parameters

Estimate (SE)

z value

(Intercept)

0.30 (0.50)

0.60

0.55

FTC

5.57 (0.06)

9.31

<0.01

HL

4.19 (0.73)

5.78

<0.01

JPBW

5.43 (0.62)

8.77

<0.01

SBW

8.60 (0.60)

14.38

<0.01

Sex (M)

0.03 (0.70)

0.04

0.97

FTC: Sex (M)

-0.39 (0.84)

-0.47

0.64

HL: Sex (M)

0.42 (0.97)

0.43

0.67

JPBW: Sex (M)

2.42 (0.86)

2.83

<0.01

SBW: Sex (M)

-0.23 (0.84)

-0.27

0.79

Note: Blackheaded budworm was used as the reference species.
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Table 2.3: Mean accuracy rates of scale identification (proportion correct) on the
diagonal, with mean proportion misidentified on the off-diagonal for three species:
Choristoneura pinus (JPBW), Malacosoma disstria (FTC) and Choristoneura fumiferana
(SBW). Values represent mean accuracy from QDA with bootstrapped training and test
data (see text for details).
Predicted
Actual

FTC

JPBW

SBW

FTC

0.76

0.17

0.07

JPBW

0.08

0.69

0.23

SBW

0.08

0.39

0.53

Note: Values represent mean accuracy from quadratic discriminant analysis with bootstrapped
training and test data (see text for details).
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Figure 2.1: Ultrastructure of wing scales of five moth outbreak species. (a)
Choristoneura pinus (JPBW) (b) Malacosoma disstria (FTC) (c) Acleris variana (EBB)
(d) Lambdina fiscellaria (HL) (e) Choristoneura fumiferana (SBW). Ultrastructure traits
include parallel longitudinal ridges (lr), cross ribs (cr) and both small (sp) and large (lp)
pores. Scale bars = 5 μm.
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Figure 2.2: Non-metric multidimensional scaling (nMDS) plot presenting the differences
in wing scale ultrastructure among species for (a) all measured traits and species of moths
studied, Choristoneura pinus (JPBW), Malacosoma disstria (FTC), Acleris variana
(EBB), Lambdina fiscellaria (HL), Choristoneura fumiferana (SBW) and (b) the three
species of moths and selected traits used in the quadratic discriminant analysis (JPBW,
FTC and SBW) (see text for details). Squares represent female moths and triangles
represent males.
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Figure 2.3: Box and whisker plots showing variance in the distance between cross ribs
per scale for each species of moth, Choristoneura pinus (JPBW), Malacosoma disstria
(FTC), Acleris variana (EBB), Lambdina fiscellaria (HL) and Choristoneura fumiferana
(SBW). Boxes represent 25 and 75% quartiles and the middle line represent the median.
Whiskers show 2.5 and 97.5% quantiles and points depict any outliers. One extreme
outlier for hemlock looper (cross rib variance = 0.80) was not included in the figure.
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Figure 2.4: Box and whisker plots showing number average number of pores per scale
for both female and male moths of each species, Choristoneura pinus (JPBW),
Malacosoma disstria (FTC), Acleris variana (EBB), Lambdina fiscellaria (HL) and
Choristoneura fumiferana (SBW). Boxes represent 25 and 75% quartiles and the middle
line represent the median. Whiskers show 2.5 and 97.5% quantiles and the open circle
points depict the outliers.
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Abstract
Fossil lepidopteran scales found in lake sediments are a new proxy for reconstructing
population outbreaks of forest moth pests such as spruce budworm and other species of
Lepidoptera. A high-resolution record of fossil lepidopteran scales was developed using a
173-cm sediment core collected from Killarney Lake, in central New Brunswick, Canada.
Fossil scales were abundant and well preserved over a 1620-year period. 29 scale peaks
were detected for an average periodicity of 55.8 years. We attempted to use differences in
scale ultrastructure to identify the moth taxa comprising each peak. Qualitative analysis
identified one peak dominated by hemlock looper (Lambdina fiscellaria Guenée)
occurring 1685 yr BP, but quantitative analysis using a quadratic discriminant function
failed to distinguish fossil scales of forest tent caterpillar (Malacosoma disstria Hübner),
spruce budworm (Choristoneura fumiferana Clemens), and jack pine budworm
(Choristoneura pinus Freeman). We found 8 peaks occurred during the Medieval Climate
Anomaly, a characteristic warm period occurring from 1000-700 yr BP. The mean
periodicity of peaks during the Medieval Climate Anomaly (49 years) was not
significantly different from the overall record. High magnitude lepidopteran scale peaks
were found at 700, 1880, and 2130 yr BP. The highest recorded concentration and largest
peak occurred at 2157 yr BP (167 cm) and contained 14,760 scales∙cm-3.

Key words: Lepidopteran scales, spruce budworm, hemlock looper, climate, moth
outbreaks, insect disturbance
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Introduction
Natural disturbances such as fire and insect outbreaks play major roles in
maintaining forests by regulating ecosystem dynamics (Franklin et al. 2002; Kuuluvainen
and Aakala 2011) and functioning (Weber and Flannigan 1997; Anyomi et al. 2016).
These disturbances contribute to integral processes in forest dynamics such as forest
composition, succession, and carbon-cycling. Disturbances are often classified based on
their extent, severity, duration, and frequency (Fleming 2000). As climate warming
continues to change ecological landscapes worldwide, an increasing number of studies
have attempted to understand and predict how these aspects of disturbance are likely to
change under future climate change scenarios (Ayres and Lombardero 2000; Fleming
2000; Volney and Fleming 2000; Dale et al. 2001; Dukes et al. 2009; Klapwijk et al.
2012). In the Acadian Forest of eastern North America, outbreaks of the defoliator
species spruce budworm (Choristoneura fumiferana Clemens; Tortricidae) are the most
severe agent of disturbance (Hardy et al. 1983; Jardon et al. 2003). Severe defoliation
from spruce budworm often leads to growth suppression and mortality of trees. This
affects overall forest landscape structure, forest succession (Baskerville 1975), the quality
and abundance of harvestable timber (Chang et al. 2012), and increases the potential risks
of interactions with other disturbances, such as fire (Candau and Fleming 2011). The
ecological impacts of spruce budworm outbreaks, along with the cyclical nature of their
population dynamics, have been the focus of ecological research in eastern North
America for decades. For example, the factors that regulate and synchronize their
population cycles have been a long-standing interest among population ecologists (e.g.
Swaine and Craighead 1924; Morris 1963; Blais 1983; Johns et al. 2016; Royama et al.
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2017). Understanding these factors and the relationship between outbreaks and climate is
critical to predicting how the frequency and severity of outbreaks are likely to change in
the future, especially given forecasted climate warming.
The effect of climate on spruce budworm has been researched extensively
(Greenbank 1956, 1963; Pilon and Blais 1961; Blais 1981; Lucuik 1984, Régnière and
Duval 1998; Fleming et al. 2002; Candau and Fleming 2005, 2011; Gray 2013).
Geographical ranges may shift or expand into new areas of suitable habitat at the northern
limits of spruce budworm (Williams and Liebhold 1997; Candau and Fleming 201l).
Temperature anomalies may trigger early budburst of tree hosts, or cause late emergence
of larval defoliators, leading to phenological asynchrony between species and their hosts
(Régnière et al. 2012; Pureswaran et al. 2015; Stead et al. 2020). The frequency of
sudden weather events, such as early frosts (Volney and Fleming 2000) and drought
(Mattson and Haack 1987), may increase stress and mortality in larvae, altering timing of
life cycle events, and increasing their vulnerability to attack from parasitoids and
diseases. These and other climate changes may influence future outbreaks of spruce
budworm. However, specific predictions about future spruce budworm populations are
difficult to form because of the complexity of their ecological interactions involving
various host plants, diseases, and at least 56 different natural enemies that include
vertebrate and invertebrate predators (Royama 1984; Eveleigh et al. 2007; Sturtevant et
al. 2015). Climate factors such as temperature and precipitation have direct and indirect
interaction effects on each of these components of the spruce budworm ecological system
(Gray 2008). According to Royama (1984), the frequency of spruce outbreaks should be
independent of climate because outbreaks are regulated by the survival of both larvae and
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pupae from intrinsic mortality factors such as their natural enemies. If this hypothesis is
true, the frequency of spruce budworm outbreaks should be independent of climate.
However, Royama’s study, along with the majority of studies conducted on spruce
budworm dynamics, are restricted to at most three budworm cycles (e.g. Morris 1963;
Blais 1983; Royama 1984, 1992; Royama et al. 2005). The great length of spruce
budworm cycles (25-40 years) means that relatively few cycles have been studied in
detail, and many interesting questions regarding long-term dynamics of their populations
cannot be answered by these modern studies. Research into these questions requiring
longer time frames must therefore take a paleoecological approach to study historical
populations and make inferences about future changes based on historical evidence.
Examining a long-term record of spruce budworm population history and comparing
outbreak occurrence to historical climate data could provide insights into the relationship
of the frequency, as well as the severity, of spruce budworm outbreaks to climate.
Reliable long-term histories of spruce budworm have only recently been
developed. Previously, research involving historical outbreaks has been dominated by
dendrochronological studies. The dendrochronological technique is an indirect method
based on comparing ring-widths between host and non-host tree species of spruce
budworm. Head capsules and frass found in sediments have been used as direct evidence
to reconstruct spruce budworm histories. These methods, however, have limitations. For
example, dendrochronogical techniques are limited by the age of the oldest living trees,
and even with attempts to extend the record using architectural timber, reconstructions
can only be produced for the last three centuries (Krause 1997). Additionally, fossils such
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as head capsules of larvae and insect frass occur too sporadically and require large
quantities of sediment to obtain detailed records.
The newest, and most promising, method to reconstruct spruce budworm
population histories was introduced by Navarro et al. (2018a). Using fossil lepidopteran
scales found in lake sediments, population histories of spruce budworm and other
Lepidoptera can be reconstructed over millennial timescales (Navarro et al. 2018b,
Montoro-Girona et al. 2018). Scales can be identified by either their morphology
(Navarro et al. 2018a) or ultrastructure (Milbury et al. 2019). This promising new method
provides millennial-scale reconstructions in which populations can be compared to
paleoclimate.
In this paper, we present a reconstruction of lepidopteran scales from Killarney
Lake, New Brunswick. We used moth scales in an attempt to reconstruct spruce
budworm populations over 1620 years, and to determine how the frequency and severity
of outbreaks differed during two important climate events, the cold Little Ice Age (LIA)
and the warm Medieval Climate Anomaly (MCA).

Materials and Methods
Study Site
Killarney Lake (46.0164° N, 66.6260° W) is located just north of Fredericton in
southwestern New Brunswick, Canada (Fig. 3.1). The lake has an area of 10.5 ha, a
maximum depth of 9.8 m, and is drained by a small outflowing stream. Previous studies
indicate the lake formed at the end of the Late Wisconsin glaciation approximately 12 ka
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BP (Cwynar et al. 1994). The regional climate is characterized by warm and humid
summers and cold and snowy winters. New Brunswick has a mean annual precipitation of
1079 mm and a mean annual temperature of 5.4 ºC (Environment Canada).
Located in the Acadian Forest Region (Rowe 1972), Killarney lake has
surrounding vegetation consisting of both soft and hardwood trees. Characteristic taxa of
the area include the primary host of spruce budworm, balsam fir (Abies balsamea (L.)
Miller), and secondary hosts, white spruce (Picea glauca (Moench) Voss), and black
spruce (Picea mariana Miller). Spruce budworm population surveys have been
conducted in central New Brunswick since 1952 (Royama et al. 2005) with an outbreak
documented in the area from 1965 to 1993 (Zhao et al. 2014; Sturtevant et al. 2015).
Sediment retrieval
We retrieved two overlapping sediment cores 121.5 cm and 139.25 cm in length
from Killarney Lake during April 2018. Each core was collected using a 1.8 m clear
acrylic tube fitted with a piston and attached to drive rods. We sub-sampled the cores at
0.25-cm intervals using a modified Glew core extruding system with extension rods.
Organic content of the lake sediment was determined using percent loss-on-ignition
(LOI) measurements following Dean (1974) and used to correlate the overlapping cores.
Chronology
Lead-210 (Pb-210) and Radon-226 (Rn-226) activity were measured for the
uppermost section of the core in an effort to establish the end of the Little Ice Age (250
cal yr BP). Samples used for Pb-210 analysis were dried (105 °C for 24 h) and sent to
Flett Research Ltd., Winnipeg, Manitoba.
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Five terrestrial plant macrofossil samples were collected for accelerator mass
spectrometry (AMS) 14C dating and submitted to Beta Analytic Radiocarbon Dating
Laboratory, Miami, Florida. The five14C dates were calibrated with the IntCal13
calibration curve (Reimer et al. 2013). Samples were counted for microscopic ash shards
and analyzed to identify the location of the White River eastern lobe ash deposit by Britta
Jensen and Lauren Davies (Coulter et al. 2012). The White River eastern lobe ash deposit
along with the 14C dates were used to develop the age-depth model using the R Studio
package rBacon v2.3.9.1 (Blaauw and Christen 2013) (Table 1). Default priors were used
for the age-depth model.
Lepidopteran scales
We subsampled sediment at 0.25-cm intervals for lepidopteran scales. This high resolution was used in order to detect individual outbreaks of spruce budworm, which
occur with a periodicity of 25-40 years. We processed the samples by deflocculating the
wet sediment in 13 mL of 10% potassium hydroxide (KOH) solution heated for 5 minutes
in a boiling water bath. Following the method described by Navarro et al. 2018a, we then
centrifuged samples in a sucrose solution (relative density = 1.24) to remove higher
density particles. This process was repeated three times, recovering the supernatant each
time. The supernatants were combined and centrifuged at 3900 RCF for 20 min to
precipitate the scales. One Lycopodium spore tablet (Batch No. 414831; 12,100 spores
per tablet) was added following sediment processing to estimate scale concentrations by
the proportion method (Stockmarr 1971). This step was conducted after sucrose
extraction in order to ensure that Lycopodium spores were not lost during extraction. We
mounted the final samples in glycerol.
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We counted each sample for lepidopteran scales at 200x magnification and
calculated scale concentrations for each sample based on known Lycopodium ratios. The
accumulation rate of scales was determined for each interval using sediment
accumulation rates derived from the age-depth model. The detection of peaks in the
lepidopteran scale record was determined statistically using the software package
CharAnalysis version 1.1 (Higuera et al. 2009). Although originally developed to identify
peaks in charcoal records, we used this software to determine peaks in a time series of
moth scales by decomposing the scale accumulation rate record into background and
peak components and using a locally defined threshold to identify high density periods
(peaks) likely related to “outbreaks”. The data were interpolated to a median sample
resolution of 2.7 years. Background was smoothed using a LOWESS smoother, robust to
outliers, set to a 200-year window in which to smooth the record for estimating
background levels of scales. Peaks were calculated as residuals. Peak frequency was
smoothed over a window of 400 years. The distribution of noise was determined by a
Gaussian mixture model and considered the 99th percentile as a threshold for peak
analysis. For more details on CharAnalysis, see Higuera et al. (2009). We conducted a
randomization test with 1000 replications to determine if the intervals between peaks, or
periodicity, during the MCA were significantly different in relation to the entire record.
Peak taxon composition
Moth scales within a peak were identified to taxonomic groups by SEM analysis
of scale ultrastructure (Milbury et al. 2019). Approximately 0.3 mL of processed sample
in glycerol was first washed with 95% EtOH and centrifuged to remove the glycerol.
Washed samples were then sieved through a 20 µm mesh sieve to remove fine particles
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that might obscure scales, centrifuged in 95% EtOH once more, washed with distilled,
deionized water, and then pipetted directly onto carbon-taped stubs. The stub-mounted
samples were then sputter-coated with gold for conductivity using an Edwards S150A
coater. Secondary electron images were acquired at the University of New Brunswick
Microscopy and Microanalysis facility with a ThemoScientific Scios 2 field-emission
SEM with the xT software and an accelerating voltage of 15 kV. The first twenty scales
clearly displaying ultrastructure (i.e., not covered by debris) were analyzed from each
peak based on the scale ultrastructure described in Milbury et al. (2019).
Scale -types were first separated visually based on qualitative traits such as
variability of cross-rib spacing and/or lack of pores. Scale-types that did not resemble any
of the five types reported in Milbury et al. (2019) were classified as unknown. Images of
ultrastructure from fossils scales of the five species as well as new unknown scale-types
are shown in Figure 3.2. Hemlock looper (Lambdina fiscellaria Guenée; Geometridae)
scales were identified categorically by qualitative traits. Scales putatively belonging to
spruce budworm (Choristoneura fumiferana Clemens; Tortricidae), jack pine budworm
(Choristoneura pinus Freeman; Tortricidae), and forest tent caterpillar (Malacosoma
disstria Hübner; Lasiocampidae) were measured and analyzed using Quadratic
Discriminant Analysis (QDA) as outlined in Milbury et al. (2019).
Results
Sedimentology
Percent loss-on-ignition (LOI) measurements aligned at 117.25 and 116.25 cm for
core 1 and 2 respectively, which required an adjustment of 1 cm to the second core. The
composite core length was 202 cm. The core consisted of uniform dark-brown gyttja.
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Chronology
The Pb-210 profile indicated irregular activity at two locations within the
uppermost 90 cm (Fig. 3.3). The Pb-210 activity was relatively constant between 0-56 cm
and 74-92 cm, indicating mixing of the uppermost 56 cm and a likely slump. Sediment
accumulation was stable between the two anomalies, from 59–68 cm (~80 years), and Pb210 activity stabilized in the bottommost section analyzed. The chronology and
sedimentation rates for the upper 90 cm are therefore unreliable, so we have confined our
analyses to depths below 90 cm. Our reconstructions were conducted from 90-173 cm or
615 to 2235 yr BP (Fig. 4). This interval includes the Medieval Climate Anomaly (700–
1000 cal yr BP), but not the Little Ice Age (550-250 cal yr BP) (Mann et al. 2009) (Fig.
4).
We found the White River eastern lobe ash deposit at the depth of 118 cm, which
dates to 1147 ± 1 yr (Coulter et al. 2012). Results from AMS radiocarbon and
tephrochronology dating of the five samples are summarized in Table 3.1. The four AMS
dates and age of the White River ash provided the basis of the chronology for the core
segment from 90-173 cm. The age-depth model indicates a minimum sedimentation
accumulation rate of 0.67 mm-1∙yr-1 and a maximum of 1.31 mm-1∙yr-1 for the analyzed
section of the core. Therefore, the 0.25 cm sampling interval used for lepidopteran scale
analysis corresponds to 1.7 –3.3 years per sample, providing a high resolution for
identifying typical spruce budworm cycles, which usually have a duration of 25-40 years.
Scale data
Lepidopteran scale concentrations ranged from 730 to 14,800 scales∙cm-3 and
averaged ~2000 scales∙cm-3. Scale accumulation rates ranged from 20.9 to 582 scales∙cm55
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∙yr-1 with a mean of 102 scales∙cm-2 ∙yr-1. CharAnalysis identified 29 peaks along the

scale accumulation rate record (Fig. 3.5). The global signal-to-noise index was 4.17 and
the local signal-to-noise index was >3 for most of the record although dropping slightly
below 3 from 1200 to 1395 yr BP. High magnitude lepidopteran scale peaks were found
at 700, 1880, and 2130 yr BP (Fig. 3.6A). The highest recorded concentration and largest
peak occurred at 2157 yr BP (167 cm) and contained 14,760 scales∙cm-3. Peak frequency
ranged from 6.21 to 11.6 peaks (outbreaks) per 400 years (Fig. 3.6B). The average peak
frequency was 9.03 peaks∙400yr-1 (22.6 peaks∙ka1) (Fig. 3.6B). Intervals between peaks
ranged from 9-184 years with a mean of 58.8 years. We found 8 peaks during the MCA
at an average of 49 years between peaks, which was not significantly different from the
overall record (p = 0.55).
Scale identifications
The QDA analysis failed to reliably distinguish between spruce budworm, jack
pine budworm and forest tent caterpillar scale-types. The nMDS (Non-multidimensional
scaling) plot of modern reference scales, on which the QDA was developed, showed
good separation between the three species (Fig. 3.7A) but, the distribution of identified
fossil scales was much larger (Fig. 3.7B). Furthermore, fossil scales of the three different
taxa do not segregate in the nMDS space. In addition, the QDA identified 21 scales as
spruce budworm-type, 188 as jack pine budworm-type and 187 as forest tent caterpillartype. The low number of scales identified as spruce budworm and the fact that none of
the peaks could be attributed to spruce budworm are inconsistent with what is known
about the outbreak dynamics of these three taxa.
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The only reliable identifications were of hemlock looper-type. A total of 53
hemlock looper scales were found, and one peak at 143.25 cm could be attributed to
hemlock looper. Because of their small size, eastern blackheaded budworm scales were
likely lost during the sieving process. Almost no peaks were dominated by one species
(Table 3.2). Because of the unreliability of the QDA, peaks were not assigned to taxon
types based on the QDA.

Discussion
Well preserved fossil lepidopteran scales were found throughout the entire
Killarney Lake sediment record and clear peaks were identified. We retrieved scales in
high concentrations from small amounts of sediment. We were able to achieve fine
temporal resolution by sub-sampling at a high resolution with a median interval of 2.76
years per sample. Thus, we are confident that our scale peaks reflect individual outbreaks
and we were able to separate peaks from background. We were unable to identify the
scale-types dominant in most peaks and only one peak was definitively identified to a
particular species outbreak, hemlock looper.
Because the chronology of the upper 90 cm of sediment is unreliable, we have not
been able to 1) delimit the Little Ice Age, precluding a comparison of outbreak cycles
during the cold LIA and the warm Medieval Climate Anomaly (MCA), and 2) compare
our fossil record to known recent outbreaks as a means of discerning how reliable peak
detection may be at this site. Also, the failure of the QDA to reliably identify spruce
budworm, jack pine budworm and forest tent caterpillar fossil scales means that we
cannot ascribe any peak to these taxa based on scale ultrastructure. We were able to
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definitively associate one peak with hemlock looper based on clear categorical
ultrastructural traits (Milbury et al. 2019).
This method is still in the infancy of its development and very few records have
been done. Until this research, there was still no clear ideas about how abundant fossil
Lepidoptera scales would be in sediments. We have found that fossil scales were
abundant and well preserved throughout the entire Killarney Lake sediment record and
we detected high concentrations of scales in small amounts of sediment. Fossil scales are
more abundant than other macrofossils such as cephalic head capsules and faecal pellets,
and because they are found consistently over time, they can be used to produce detailed
records. Because relatively small amounts of sediment are needed to produce detailed
records of Lepidoptera, the use of fossil scales can easily be applied to multiproxy
reconstructions. This provides future researchers the opportunity to look at Lepidoptera
populations in relation to other interesting histories such as forest fires and vegetation
structure at a site.
Outbreak History
Our study is the first to produce a millennial reconstruction of Lepidopteran
history for New Brunswick. Clear peaks were identified, and our high-resolution
subsampling gives us confidence that these peaks reflect individual outbreaks. Our
reconstruction revealed an outbreak frequency of 15-29 peaks∙ka-1 (thousand years), and
we found 29 peaks total over 1620 years. The average peak periodicity of our record is
58.8 years. While it appeared that the frequency of peaks was higher during the MCA
(Fig. 3.6B), we found that the frequency was not significant. This may have been due to
our small sample size as we analyzed 8 peaks occurring during the MCA to a total of
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only 29 peaks. To make detailed conclusions about the relationship between climate and
moth outbreaks we would need to make additional comparisons with a longer time period
spanning over several additional peaks. It would be useful to reconstruct the full
Holocene and to 1) compare the frequency of peaks during the MCA to the warming that
has occurred over the last few centuries and 2) compare how the frequency of peaks
differs between the warm climate periods and the colder Little Ice Age climate period.
We found a large range of 9-184 years in peak periodicity (interval between
peaks) throughout the record. There are several possible explanations for time intervals
between peaks that are much longer than the anticipated 25-40 year periodicity of spruce
budworm. Outbreaks may have been occurring at regular cyclical intervals, but
populations were not detected. If forest structure was much different in the past, then
outbreaks from species such as spruce budworm may have skipped over the Killarney
Lake region or had simply not reached central New Brunswick, perhaps remaining farther
north or in other parts of eastern Canada. These intervals may represent regional
differences in population outbreaks across large areas. The mean frequency and peaks
detected in our record are representative of a minimum occurrence of Lepidoptera
populations at Killarney Lake for that time, but the method may fail to detect some peaks
and may not be representative of all outbreaks for New Brunswick or even eastern North
America. Killarney Lake is nearer to the southern edge of spruce budworm distribution.
This site could provide good insight into what controls spruce budworm distribution
range and how its distribution limits are determined but may not be as representative of
outbreaks compared to sites located in the central region of its distribution. Another
possibility is that our method failed to detect milder Lepidoptera outbreaks. If outbreaks
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were less severe, then the scale counts could have failed to reach a level significantly
above background in the CHAR analysis. This could also be error within the method of
using fossil moth scales to reconstruct historical population peaks. Navarro et al.’s
(2018a) 19th to 21st century reconstruction was able to detect only two of four known
outbreaks in the Quebec region using fossil moth scales. Their results along with our low
peak frequency may be an indication that the method is underestimating the frequency of
spruce budworm cycles.
Comparing our reconstruction to those conducted in Quebec by Navarro et al.
2019b, we observed lower magnitude peaks at 1300 and 1700 years where they had
documented high magnitude peaks. Our record detected relatively low magnitude peaks
and one larger peak found at 2130 yr BP. Navarro et al. 2019b also found fewer outbreak
events occurred between 2500-1000 yr BP in relation to the entire Holocene
reconstruction. Where we found an average of 22.6 peaks∙ka-1 from 2235-616 yr BP,
Navarro et al. 2019b reported ~5-8 peaks∙ka-1 during that period. While comparing our
reconstruction to Navarro’s is useful for comparisons between spruce budworm
population histories of Quebec and New Brunswick, we cannot assume they will be
similar. We cannot ignore the possibility of regional variation in spruce budworm
populations across all of eastern North America. The only way to accurately determine if
these differences are a reflection of natural variability between regions is to reconstruct
histories of spruce budworm populations on a subregional scale across their entire
distribution range.
Hemlock looper activity has been reported across eastern North America for
decades. Severe outbreaks have been reported mainly in Newfoundland since 1966
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(Carroll 1956; Otvos et al. 1979) with smaller outbreaks occurring in New Brunswick
since 1989 (MacLean and Ebert 1999). Bhiry and Filion (1996) found evidence of
hemlock looper outbreaks as early as 4900 yr BP through macrofossil evidence such as
chewed hemlock (Tsuga canadensis L. (Carr.)) needles and lepidopteran head capsules.
Furthermore, we were able to identify that one peak was dominated by hemlock loopertype scales at 1685 yr BP. Our detection of hemlock looper-type scales may be further
indication that the species has been a major outbreak species in the Killarney Lake area
throughout the late-Holocene.
Why presume most peaks are associated with spruce budworm?
Our goal was to identify spruce budworm-type scales during peaks and attribute
them to outbreaks during those periods. Unfortunately, we were unable to identify fossil
scales and therefore reconstruct the history of specific species, such as spruce budworm,
for our record. Based on what we known about the ecology of spruce budworm
populations today, there are a number of arguments to support the presumption that the
majority of peaks are likely attributable to spruce budworm. The great length and vast
spatial distribution of spruce budworm outbreaks together with the high density of moths
compared to jack pine budworm or forest tent caterpillar means that fossil scales from
spruce budworm species are likely to accumulate in higher densities in sediment over
longer spans of time. Spruce budworm outbreaks cycle every 25-40 years with severe
defoliation lasting from 5 up to 25 years (Candau et al. 1998; Jardon et al. 2003; Royama
et al. 2005), whereas forest tent caterpillar populations outbreak every 10–12 years for 3–
6 years (Martineau 1984; Ives and Wong 1988), jack pine budworm outbreaks occur
every 6-12 years for 2-4 years (McCullough 2000), and blackheaded budworm
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populations outbreak at 10-15 year intervals for approximately 2 years (Miller 1966). The
short periodicity and duration of outbreaks from these other common lepidopterans
means that their outbreaks are unlikely to be resolved by our sampling interval (1.68-3.28
years per sample) and therefore generally contribute to the overall background level of
scales above which a spruce budworm peak will rise. The outbreaks detected in our
record occurred at an average frequency of 22.6 peaks per 1000 years, and we argue that
these peaks most likely correspond to spruce budworm outbreaks given their outbreak
periodicity, which is equivalent to a frequency of 25-40 outbreaks over a 1000-year
period. Secondly, outbreaks of forest tent caterpillar, jack pine budworm and blackheaded
budworm tend to be much more localized than those of spruce budworm, so the
probability of scale peaks of these taxa occurring at a site is lower. Finally, on ecological
grounds, it is unlikely that jack pine budworm has broken out at Killarney Lake. The
preferred host of jack pine budworm, jack pine (Pinus banksiana Lamb.), is not
especially abundant in the Killarney Lake area, mainly because the soil type is unsuitable.
Jack pine budworm does occasionally attack other tree species, such as red (Pinus
resinosa Aiton) and white pine (Pinus strobus L.), but this typically only occurs when
these trees are mixed with jack pine (Kulman and Hodson 1961). Although the patterns
found in the present are likely to reflect what has occurred in the past, we cannot assume
that spruce budworm populations dynamics have remained the same throughout time.
The goal of temporal reconstructions that extend prior to what is known is to reveal what
possible trends occurred in the past and how population dynamics may have changed to
what they are now in the present.
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Why was the QDA analysis ineffective?
There are a number of possible explanations for the ineffectiveness of the QDA,
some relating to methodology and others to taphonony. There are two potential
methodological problems. First, the QDA developed to identify scales in Milbury et al.
(2019), was based on ultrastructure traits measured from the central portion of reference
scales. Initially we extracted scales from samples in glycerol that had been processed to
count scales and pipetted them directly onto stubs for SEM analysis, but the presence of
large numbers of fine particles obscured most scales. We therefore sieved samples
through 20 μm meshes. Despite sieving the samples, it remained difficult to find a scale
with the central portion clearly displayed. Most measurements were conducted on a
portion of the scale where ultrastructure traits were clearly visible, however this often fell
outside of the central third of a scale. If scale ultrastructure varies with position on the
scale, then identification errors are likely to arise. Secondly, our method of processing
sediment to count and analyze fossil lepidopteran scales was not fully developed when
the QDA was developed. In developing the QDA, we scraped scales directly from moths
onto the stub (Milbury et al. 2019). Fossil samples, however, were treated with KOH and
other chemicals, which may have altered scale ultrastructure. Finally, fossil scales tended
to be smaller than those scraped from the reference moths. Taphonomic processes may
result in smaller scales being preferentially deposited in sediments in the middle of a
lake. It’s possible that scale ultrastructure might vary with scale size, leading to erroneous
identifications.
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Conclusion
Although there are still many unknowns with the development of this new
method, we found fossil lepidopteran scales were abundant and well-preserved over time
throughout the entire Killarney Lake sediment record. Clear peaks were identified
throughout the record and our high-resolution subsampling gives us confidence that these
peaks reflect outbreaks. We determined an average peak frequency of 22.6 peaks∙ka-1 for
the 1620-yr record. We were not been able to compare the peaks found in our record to
climate between the LIA and the MCA or compare our fossil record to known recent
outbreaks as a means of discerning how reliable peak detection may be at this site. We
were able to detect 8 peaks during the MCA but found that the frequency of peaks during
the MCA was not significant in relation to the entire record. High magnitude lepidopteran
scale peaks were found at 700, 1880, and 2130 yr BP (Fig. 5A). The highest recorded
concentration and largest peak occurred at 2157 yr BP (167 cm) and contained 14,760
scales∙cm-3. Scale ultrastructure can be used as a method to distinguish species such as
hemlock looper and used to classify fossil scales, but there is still research that must be
done to distinguish other eruptive forest pests such as forest tent caterpillar, spruce
budworm, and jack pine budworm, using scale ultrastructure. We were able to
definitively associate one peak with hemlock looper based on clear categorical
ultrastructural traits (Milbury et al. 2019). While we were unable to identify which
Lepidoptera species was responsible for the remaining peaks, we still provide the first
detailed millennial reconstruction of Lepidoptera for central New Brunswick. This study
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has helped to identify gaps in this new method and can serve as a guide for future work
and improvements.
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Table 3.1: Material used for age-depth model of Killarney Lake 2018 core. Radiocarbon
material analyzed at Beta Analytic Radiocarbon Dating Laboratory Florida, USA.
Lab ID

Depth (cm)

Material description

Dating Method

14C year BP

cal. year BP

Beta - 553180

66-69

Terrestrial Plant Macrofossils

AMS 14C dating

280 ± 30

280

Beta - 489221

91.25-91.5

Terrestrial Plant Macrofossils

AMS 14C dating

680 ± 30

680

Beta - 532172

140-141

Terrestrial Plant Macrofossils

AMS 14C dating

1760 ± 30

1760

White River Ash (WRAe)

118

Tephra shards

Tephrochronology

Beta - 553181

170-174

Terrestrial Plant Macrofossils

AMS 14C dating

2230 ± 30

2230

Beta - 532173

201-202

Terrestrial Plant Macrofossils

AMS 14C dating

2730 ± 30

2730

Calibrated ages determined using the IntCal13 calibration curve (Reimer et al. 2013).
The WRA date was obtained from Coulter et al. (2012).
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1147 ± 1

Table 3.2: Percent abundance of Lepidoptera scale-types identified at 33 peaks from
Killarney Lake 2018 core. Percent abundance of seven scale-types, Choristoneura (SBW
and JPBW) grouped, Choristoneura fumiferana (SBW), Choristoneura pinus (JPBW),
Malacosoma disstria (FTC), Lambdina fiscellaria (HL), Acleris variana (EBB), and
other types of unknown species. The shaded area indicates peaks occurring during the
Medieval Climate Anomaly (700 -1000 yr BP).
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Peak ID
1

Depth (cm)

Age (yr. BP)

90.42

620

95.56

700

3

99.25

775

4

99.96

790

2

5

102.13

830

6

102.75

840

7

105

875

8

110.06

955

9

111.5

980

10

117.65

1100

11

118.4

1115

12

119.2

1130

120.2

1150

13
14

123.67

1230

128.50

1345

132.04

1425

133.9

1465

136.79

1530

137.75

1555

20

140.08

1615

21

140.46

1625

22

141.55

1650

143.25

1685

143.75

1695

153.25

1880

159.5

1995

161.38

2030

165.44

2100

167.15

2130

15
16
17
18
19

23
24
25
26
27
28
29

%
Choristoneura

% SBW

% JPBW

% FTC

% HL

% EBB

% Other

30

0

30

55

5

5

5

45

10

35

50

5

0

0

45

0

45

55

0

0

0

50

0

50

50

0

0

0

45

10

35

50

5

0

0

45

5

40

40

0

0

15

60

0

60

35

5

0

0

55

5

50

5

40

0

0

45

0

45

45

10

0

0

50

5

45

25

15

5

5

55

10

45

20

25

0

0

60

10

50

30

0

5

5

45

0

45

30

10

10

5

35

20

15

45

15

0

5

35

0

35

45

10

0

10

50

5

45

40

10

0

0

40

5

35

25

15

15

5

60

0

60

30

0

0

10

40

10

30

50

0

5

5

10

0

10

40

45

5

0

45

0

45

40

15

0

0

30

0

30

45

5

5

15

45

0

45

40

5

10

0

20

0

20

60

15

0

5

50

10

40

40

10

0

0

Bolded values represent scale-type with highest percent abundance for peak.
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Figure 3.1: (A) Location of Killarney Lake, New Brunswick. (B) Killarney Lake depth
profile and location of core retrieval.
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Figure 3.2 (previous page): Ultrastructure of scale-types found in peaks. Choristoneura
fumiferana (spruce budworm) fossil (A) and modern refence scales (B), Malacosoma
disstria (forest tent caterpillar) fossil (D) and modern scales (E), Choristoneura pinus
(jack pine budworm) fossil (G) and modern scales (H), Lambdina fiscellaria (hemlock
looper) fossil (J) and modern scales (K), Acleris variana (eastern blackheaded budworm)
fossil (M) and modern scales (N), and unknown scale-types (C, F, I, L, O).
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Figure 3.3: Total Pb-210 and Ra-226 activity and sediment accumulated for the
uppermost 118 cm of Killarney Lake, New Brunswick. Analysis were conducted at Flett
Research Ltd., Winnipeg, Manitoba.
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Figure 3.4: Plot of age-depth model obtained using BACON V 2.2 software in R Studio.
Modelled best fit indicated by solid line plotted as age versus depth. The grey area
represents 95% probability range.
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Figure 3.5: Scale accumulation rate (#∙cm−2 ∙year−1) for total lepidopteran scales found
along a lake sediment core retrieved from Killarney Lake, New Brunswick.
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Figure 3.6: (A) Magnitude of lepidopteran scale peaks (#∙cm-2∙peak-1) with plus symbols
(+) representing peaks/outbreaks. (B) smPeak frequency (peaks∙400yr-1).
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Figure 3.7: Nonmetric multidimensional scaling (nMDS) plot presenting the differences
in wing-scale ultrastructure among species for (A) selected traits used in the quadratic
discriminant analysis traits from known moth species, Choristoneura pinus (jack pine
budworm, JPBW), Malacosoma disstria (forest tent caterpillar, FTC), and Choristoneura
fumiferana (spruce budworm, SBW) and (B) the measurements of selected traits from
unknown fossils and predicted fossils scales to species (JPBW, FTC, and SBW) from the
QDA.
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Chapter 4 General Discussion
Insect defoliation is the most destructive source of natural disturbance in New
Brunswick. Lepidopteran defoliators like spruce budworm (Choristoneura fumiferana
Clemens) are causing extensive damage to forest landscapes, threatening the ecological,
social and economic benefits they serve. And with the ever-increasing threat of climate
change, it is now more than ever important to study and understand how populations of
these destructive pests are likely to change. This includes taking a paleoecological
perspective to examine how the population dynamics of insects have changed over
thousands of years. This study was an attempt to use paleoecology to observe climate
interactions between historical Lepidoptera pest populations and paleoclimate. The main
objective of my thesis was to reconstruct spruce budworm outbreaks over a millennial
scale record using fossil lepidopteran scales found in lake sediment as direct evidence of
populations and compare outbreaks to climate.

Data chapter synthesis and specific conclusions
In Chapter 2, we developed a method to identify fossil moth scales from five
different species by their ultrastructure. Using images of scale ultrastructure as shown
through scanning electron microscopy (SEM), we measured selected ultrastructure traits
and analyzed these measurements for difference between five common species of
Lepidoptera in eastern North America; spruce budworm, (Choristoneura fumiferana
Clemens), hemlock looper, (Lambdina fiscellaria Guenée), forest tent caterpillar
(Malacosoma disstria Hübner), jack pine budworm (Choristoneura pinus Freeman) and
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eastern blackheaded budworm (Acleris variana Fernie). We showed that eastern
blackheaded budworm and hemlock looper can be categorically separated from forest
tent caterpillar, jack pine budworm, and spruce budworm based on unique qualitative
morphological traits of scale ultrastructure. Hemlock looper scales showed variability in
the spacing between cross ribs. Our results showed that all other species had significantly
lower variance in cross rib spacing. Additionally, we revealed that blackheaded budworm
was distinguished categorically from all other species based on the absence of pores on
their scales. These results suggest that distinctive morphological traits could be used to
identify unknown fossil moth scales of hemlock looper and blackheaded budworm.
Although we observed overlap between the two Choristoneura sp. (39% of spruce
budworm incorrectly assigned as jack pine budworm, and 23% jack pine budworm
incorrectly assigned as spruce budworm), both the non-metric multidimensional scaling
(nMDS) and quadratic discriminant analysis (QDA) results showed good separation
between forest tent caterpillar (76% correctly identified) and these two species based on
differences in scale ultrastructure traits.
We conclude from our study that scale ultrastructure can be used to distinguish
hemlock looper and blackheaded budworm categorically, and forest tent caterpillar with a
high degree of certainty using QDA. Identification of the two remaining species (jack
pine budworm and spruce budworm) is more difficult due to overlap of scale
ultrastructure traits, although site selection to maximize for spruce budworm habitat and
minimize jack pine budworm habitat may improve the assignment of fossil scales of
Choristoneura to species.
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I applied this new method using scale ultrastructure to distinguish between
Lepidoptera species to unknown fossil scales found in lake sediment in Chapter 3. We
had originally hoped to make a comparison between spruce budworm outbreaks and
climate by examining peaks during the Little Ice Age and Medieval Climate Anomaly.
Because the chronology of the upper portion of sediment was unreliable, likely due to
sediment slumping, we were unable to make this comparison. I produced a highresolution record of fossil lepidopteran scales along a 173-cm sediment core collected
from Killarney Lake, in central New Brunswick, Canada. Fossil scales were found to be
abundant and well preserved over a 1620-year period. A total of 29 scale peaks were
detected from 615 to 2240 yr BP. The average peak periodicity of the record was 55.8
years. A total of 8 peaks were found during the Medieval Climate Anomaly, a
characteristic warm period occurring from 1000-700 yr BP. The frequency of peaks
during the Medieval Climate Anomaly was not significantly different than the peak
frequency for the overall record. High magnitude lepidopteran scale peaks were found at
700, 1880, and 2130 yr BP (Fig. 5A). The highest recorded concentration and largest
peak occurred at 2157 yr BP (167 cm) and contained 14,760 scales∙cm-3.
We attempted to use differences in scale ultrastructure to identify the moth taxa
comprising each peak but found that the quantitative analysis using a quadratic
discriminant function failed to distinguish fossil scales of forest tent caterpillar
(Malacosoma disstria Hübner), spruce budworm (Choristoneura fumiferana Clemens),
and jack pine budworm (Choristoneura pinus Freeman). Qualitative analysis identified
one peak dominated by hemlock looper (Lambdina fiscellaria Guenée) occurring 1685 yr
BP.
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General conclusions
Fossil lepidopteran wing scales provide direct evidence of the past occurrence of
moth species and are a promising new paleoecological proxy to reconstruct past insect
disturbance (Montoro Girona et al. 2018; Navarro et al. 2018). This method provides
advantages over other paleoecological proxies such as dendrochronology, fossil fecal
pellets and head capsules. Fossil scales are direct indicators of past insect populations and
can be found over thousands of years in comparison to dendrochronological studies. They
are more abundant than head capsules, and can be found better preserved in lake
sediments than fecal pellets. As a result of these advantages, smaller amounts of sediment
samples are needed for fossil scale research. Fossil scales can be incorporated into multiproxy reconstructions comparing lepidopteran histories to fire and vegetation histories
reconstructed using charcoal and pollen macrofossils. The use of scale ultrastructure to
identify fossil scales is an important contribution to this growing field. This method
provides advantages to identifying scales that are in suboptimal condition. If fossils are
damaged or folded, our method provides the advantage of being able to identify a greater
proportion of fossil scales towards establishing a reasonable count; a significant
advantage if scales are not especially abundant at a site.
Unfortunately, our quadratic discriminant analysis was unable to distinguish fossil
scales of three important eruptive species, spruce budworm, jack pine budworm and
forest tent caterpillar. We were able to definitively distinguish fossil scales as hemlock
looper-type based on clear categorical ultrastructural traits (Milbury et al. 2019) and
associated one peak from our record to this species.
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Although there are still many unknowns with the development of this new
method, we found fossil lepidopteran scales were abundant and well-preserved over time
throughout the entire Killarney Lake sediment record. Clear peaks were identified
throughout the record and our high-resolution subsampling gives us confidence that these
peaks reflect outbreaks. While we were unable to identify which species was responsible
for the majority of peaks, we can reasonably attribute most outbreaks to spruce budworm
based on ecological arguments.
Scale ultrastructure can be used as a method to distinguish species such as
hemlock looper and used to classify fossil scales, but there is still research that must be
done to distinguish other eruptive forest pests such as forest tent caterpillar, spruce
budworm, and jack pine budworm, using scale ultrastructure. This study has helped to
identify gaps in this new method and can serve as a guide for future work and
improvements.

Future Directions
Our method was not without issues. Although we were able to successfully
identify ultrastructural traits to distinguish scales from hemlock looper and blackheaded
budworm, our QDA was ineffective when applied to distinguish scales from spruce
budworm, forest tent caterpillar and jack pine budworm. We found a high variability
between scale ultrastructure of fossil scales compared to the reference scales we used to
develop the QDA. The QDA developed to identify scales in Milbury et al. (2019), was
based on ultrastructure traits measured from the central portion of reference scales. After
processing sediment samples for fossil scales, it remained difficult to find a scale with the
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central portion clearly displayed under the SEM. Therefore, many measurements were
conducted on a portion of the scale where ultrastructure traits were clearly visible and not
necessarily positioned within the central third of a scale. This is problematic because
scale ultrastructure may vary with position on the scale leading to identification errors.
Additionally, in developing the QDA, we scraped scales directly from moths onto the
stub (Milbury et al. 2019). Fossil samples, however, were treated with KOH and other
chemicals, which may have altered scale ultrastructure. Future studies should be careful
to ensure all samples are treated the same from the development of the method through to
measuring ultrastructure traits of fossils to control for potential errors with variability of
ultrastructure traits.
We also noticed that fossil scales tended to be smaller than those scraped from the
reference moths. Taphonomic processes may result in smaller scales being preferentially
deposited in sediments in the middle of a lake. It’s possible that scale ultrastructure might
vary with scale size, leading to erroneous identifications. The taphonomy should be
explored in depth as it is still unknown which factors affect the transportation and
deposition of scales into lake sediment.
This study along with the work of Navarro et al. (2018a) and Montoro-Girona et
al. (2019) are the groundwork for this new technique and proxy of fossil scales as
evidence of past insect disturbance. This method can be applied to multi-proxy
reconstructions comparing insect disturbance to fire, temperature and vegetation over
time, answering important questions around fire-insect disturbances interactions as well
as host vegetation abundance in relation to outbreaks over time. Successful full Holocene
reconstructions using fossil lepidopteran scales have been conducted in Quebec
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(Montoro-Girona et al. 2019). I suggest that a long-term reconstruction also be conducted
for New Brunswick as there is an absence of studies looking at historical spruce
budworm populations before the 19th century. Similarly, a high-resolution study
including the most recent 300 years would be critical to confirm this method is able to
detect all outbreaks as peaks in the fossil scale record by comparing peaks to known
outbreaks surveyed using traditional modern methods.
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