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Abstract

Top-down trophic interactions related to forest tent caterpillar outbreaks in
temperate hardwood and boreal mixed-wood forests in Quebec

Anne-Sophie Caron, Ph.D.
Concordia University, 2023

This thesis aims to investigate different trophic interactions related to the outbreaking cycles of the
forest tent caterpillar (Malacosoma disstria Hiibner, Lepidoptera: Lasiocampidae), both top-down
and bottom-up, in two types of forests, the boreal and the temperate. Throughout field studies, we
determined that forest tent caterpillar early-instar larvae were more susceptible to mortality due to
pathogens and maternal effects in years after the outbreak than to predators. These results suggest
delayed density dependence and contribute to low endemic levels between outbreak peaks. We also
investigated the overwintering mortality of forest tent caterpillars at the egg stage. While larger egg
masses tended to promote survival, this factor was not the only significant predictor. Mortality was
also related to average winter temperature variation and cold spells. With increasingly unpredictable
climate patterns, both factors could cause high mortality levels during the winter. Finally, with the
high amount of organic material released during the outbreaks, we investigated the impact on
potential predators, such as ants. We observed a shift in ant communities in the boreal forest but
not in temperate forests, suggesting that disturbances caused by the forest tent caterpillar can alter
less ecologically complex and redundant ecosystems. Forest tent caterpillars are important
disturbance agents and participate in multiple trophic interactions during outbreaks, cementing the

importance of a better understanding of their population dynamics.
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Perspective and Positionality
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the Abitibiwinni and Algonquin Anishinabeg people in the boreal forest as well as the
Kanien’keha:ka, Omamiwininiwag (Algonquin) and Anishinabewaki in the temperate forest.
Concordia University is situated in Tiohtia:ke, on the unceded territory of the Kanien’keha:ka

Nation.

For this project, I have conducted my research within the framework of Western science and
forestry, which focuses on exploiting forest ecosystems and a Western notion of ecosystem
disturbances and biodiversity. Society demands multiple and sometimes conflicting values from
forests, such as wildlife habitat, recreation, biodiversity, and forest products. I acknowledge that the
framework surrounding the economic aspect of forestry is very much centered on a utilitarian

framework and that the forest provides much more benefits to humans and non-humans.

vi



Contribution of Authors

I was the principal investigator for all the research work undertaken in this thesis under the
supervision of Dr. Emma Despland and co-supervised by Dr. Benoit Lafleur at the beginning of
my diploma and Dr. Miguel Montoro Girona at the end. Chapter 2 resulted in a manuscript which
has been published in an international peer-reviewed journal, for which I was the main author.
Chapter 3 also resulted in a manuscript and has been published in an international peer-reviewed
journal. The species list presented in this paper might also be submitted as a micropublication in
the journal Specimens. In the event that the manuscript is accepted for future publication, the
authors will be credited in the following order: Caron, A-S, Montoro Girona M, Despland E.
Finally, the experiments for Chapter 4 were conducted by me; in the event that the manuscript is
accepted for future publication, the authors will be credited in the following order: Caron, A-S,

Law C, Montoro Girona M, Despland E.

vii



Table of contents

Perspective and POSItIONAIILY .........c.e.eeeeeereeeeereeeireeieeeireerreesreesseeseeeserossesssesssessssssesssssssssnnsens vi
CONLIIBULION Of AULNOLS......ccuueuirieeniiiiienniiiiieniiiiiinnsiisissnsiississssisisssssssssssssssssssssssssssssssssssssssssnns vii
LiSt Of FIQUIES.....covvvvveeunriiinrinrrenenisissiinnssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnss X
LiSTt Of TABIES......ccuueeeeeeeeeeeeeieeeieeeeisereiieeeeeeeeiieressesesssresssesassesnssssssssssessnsnssssssssssassasnsssssassenes Xii
LiSt Of EQUATIONS ......eeueeeeeeeeeererennerenneerenserenseseussessssessssessnssessssessssessnssessssessnssssnssesnssessnssssnsans Xiii
Chapter 1 - General introdUcCtion ..............ceeueeeeeeeeenieeeniieieiireeiereinisreeiessesessessssnssessessssnssessassnses 1
11 FTC population dyNamiCs .....cceueieeeiiieniiiieiereeiiennereneiereserenerensessnsesrasessnssesssssssnsessnssssnsessnsssses 2
12 Trophic interactions and ecological repercussions of insect outbreaks .........cccceeeveirrveennnnneene. 3
13 Natural enemies and causes of MOortality.......ccccccivieeiiiiieiiiiiiice e rrreeererene e e e eaneseennnaenns 7
14 T o o L 10
Chapter 2 — Early-instar mortality of a forest pest caterpillar: which mortality sources increase
during an outbreak Crash? ..............eeeeeeeuiieeeiiieiieeiieriiiereisereisisenssesnesessassssnssesssssssassssnssssnns 12
78 S Y 411 - o 12
2.2 INTFOUCTION et 14
2.3 Materials and Methods.........cccciiiiiiuiiiiiiiiiiiiiiii s s rssaesssssssssssssnases 16
24 RESUILS ..cuuiiiiiiiiiiiiiiiiiiiiiiiiiiienie e s ireseestresesestssssssstesssssstenssssstesssssstesssssssenssssssensssssssnnnss 21
2.5 DiISCUSSION L.uuiiiiiiiinnniiiiiiiiiiiiitiiiiiiiiieeeienesiieieteeeteeasstieiseteeesasssssestsssterrassssssssseeerasssssssssssenns 25
2.6 CONCIUSION.. ..ottt s 30
Chapter 3 - Forest Tent Caterpillar Outbreaks Drive Change in Ant Community in Boreal Forests
............................................................................................................................................. 36
3.1 Y ¢ 13 T o 36
3.2 QYo e 11 o1 4o o H 38
3.3 Materials and Methods..........cccvuuiuiiii e 43
3.4 RESUIES cevveeiiiiiiiiiinnneiiiiiiiiiiensneisiisiiieressssssssstinersssssssssssssresassssssssssssnesssssssssssssssesssnsssssssssnns 49
3.5 [T o1 1T T ) 54
3.6 (070 T 0 1o [T T o PN 60
3.7 Supplementary Material .....ccccieeiiiieiiiiieieriieiereerreneerteeerensereaserensessaseeressesensessnssssnsessnssenes 62

Chapter 4 — Factors involved in overwintering mortality of forest tent caterpillar egg masses 66

4.1 1 013 o - T S 66

viii



4.2 [T {0 Yo [ Lot 4T ] TSN 67

4.3 Materials and Methods........ceuuuuiiiiiiiiiiiiiiirrr e 70
4.4 RESUILS c.cuuueiiiiiiiiiii s s s 75
4.5 [T ol U ' R 82
4.6 Lo T ol [ 11 o T N 87
4.7 Supplementary iINformation......cccciiiiiiiiiiiiiiiiiiiiie e sesasessesassessesasssssens 89
Chapter 5 - GENEral DiSCUSSION ..........ceveueereuneeeeneerenrereeserensserssserensessnssessssesssssesnssessnssssnsssssnsns 91
5.1 Thesis objectives and results......ccceiiieiiiiciiiiiiicircr e e e e s snessssnsesensesenns 91
5.2 Future publications.......ccccciiiiiiiiiiiiniiiiiiiii s resssssstessssssissssssssesssssssennsss 92
5.3 Implication for sylvicultural practices related to pest iNSECtS......ccccvveeerreniirenicrenerencerenerennnes 93
5.4 FUTUIE FreSEAICR ...ceeeeiiii s 97
5.5 [T 011 1o 99
5.6 0o T ol [T o T N 100
REFEIENCES ...ueeeiiiiii s s 102

X



List of Figures

Figure 1.1 Life cycle of the forest tent caterpillars (Malacosoma disstria Hiibner). Mark J. Primavera, Natural
RESOUICES CaNAUA ......eouiiiniieiieie ettt ettt ettt et e e bt e bt e bt e bt e bt e beete e beenbeenseenseenseenseans 1
Figure 1.2 Trophic interactions in forested areas with and without herbivory (Metcalfe et al. 2014, 20). ....4
Figure 1.3 Trophic interactions related to the defoliation caused by forest tent caterpillar herbivory. 1) forest
tent caterpillar egg mass in the tree around a branch, 2) herbivory by forest caterpillar, 3) nutrients
leaching from the leaves, 4) nutrients leaching into the soil, 5) green fall, 6) microarthropods using the
added nutrient resource, 7) saplings in the understory using the light available due to 8) a canopy opening,
9) ground-based natural enemies using microarthropods and other resources and attacking forest tent
caterpillars along with 10) flying natural €NemIes. .........cceerviierciiieiieeiie ettt sve e 5
Figure 1.4 Site selected in a) the temperate forest and b) the boreal forest, The sites in yellow were not
defoliated in the past outbreak (2016-2017) while the green ones where defoliated. .............ccccceenneeee. 10
Figure 2.1 Experimental design; each site received the three enclosure treatments on different saplings: (A)
free, (B) cage, and (C) tanglefOot ......ccvevierierieierieerite ettt s seeesteesteesreessaesnnennees 17
Figure 2.2 Overall survival (%) of forest tent caterpillar colonies in the three enclosure treatments:
unprotected control (free), protected from walking predators (tanglefoot), and completely protected
(cage). Colonies were observed in stands that had been previously defoliated (outbreak) or not (control)
over three years: 2017 (n = 14 + 14),2018 (n = 14 + 14), and 2019 (n = 4 + 4). In the box plots, the lower
boundary of the box indicates the 25th percentile, the bold line within the box marks the median, and the
upper boundary of the box indicates the 75th percentile. The whiskers indicate the 10th and 90th
percentiles. Dots are outliers (>Q3 + 1.5 X interquartile range) ...........ccveeveeeeeriiereereeneeseeseeseesieeneeens 23
Figure 2.3 Marginal mortality rates of forest tent caterpillar colonies attributed to different sources of
mortality: ground-based (walking mortality, M,), flighted mortality (My), and intrinsic mortality (M;).
Colonies were observed in stands that had been previously defoliated (outbreak) or not (control) over
two years: 2017 and 2018 (each n = 14). Box plot parts are as in Figure 2.2...........cceevveevrevriereeneenenn, 25
Figure 3.1 Species richness and evenness. The two panels on the right refer to the boreal forest data, while
the two left refer to the temperate forest data. Box plots represent data from pitfall traps only and from a
subset of years for the boreal forest samples (2017-2018) to limit the variation in sampling methods from
2016 and 2019, respectively. In the box plots, the lower boundary of the box indicates the 25th percentile,
the bold line within the box marks the median, and the upper boundary of the box indicates the 75th
percentile. The whiskers indicate the 10th and 90th percentiles. Dots are outliers (>Q3 + 1.5 X
INEETQUATLILE TAINEZE). ..veevierietieiiesieesteesteesteesteesteeteesseesseesseesseesssessesssesssessaesssasssesssesssesssesssesssesssesssesssessees 51
Figure 3.2 NMDS ordination of boreal forest sites within control and outbreak stands based on the Segrensen
dissimilarity index using taxonomic data. The abundance of predators was the only covariate aligned
significantly with the ant community COMPOSItION. ......cc.eiiuiiiiieriieriierieeiet ettt 52
Figure 3.3 Boxplot of the standardized effect size of each site's distance to multivariate space centroid (SES
Dcentroid) in a) boreal and b) temperate forests. The black dashed line represents null expectations. In
the box plots, the lower boundary of the box indicates the 25th percentile, the bold line within the box
marks the median, and the upper boundary of the box indicates the 75th percentile. The whiskers indicate
the 10th and 90th percentiles. Dots are outliers (>Q3 + 1.5 x interquartile range). .........ccceeveevveevveennenne. 53
Figure S 3.1 Rarefaction curve for the temperate sites per year with a) species occurrence and b) species raw
abundance. The y-axis represents the number of species and the number of samples taken at each site
COMMDINEA. ...ttt ettt ettt st sb et e b e s bt ebe et e bt ea s et e sbesb e et e st e sbeemeenbesbeeneeneenee 65
Figure S 3.2 Rarefaction curve for the boreal sites per year with a) species occurrence and b) species raw
abundance. The y-axis represents the number of species and the number of samples taken at each site
COMDINEM. ...ttt ettt sttt ettt e b e s e et et b e st a et ae e b st n e eneenes 65
Figure 4.1 Map of collection sites in the boreal and temperate forests along with the ecozones in which they
stand. Note that the temperate sites at the southeast border of the boreal shield are in the mixed wood
plain ecozone and are populated by mostly deciduoUS trEes. .......ccvievvievrievrieiieiiereee et aeens 72



Figure 4.2 Summary plots of the temperate forest dataset. A) proportion of eggs that emerged per egg mass
according to year, B) Number of eggs per egg mass for each year of the study, C) Proportion of eggs that
emerged per egg mass according to egg mass size, Pink represents the 2017 data and blue the 2018 data.
The pink line is a regression for the 2017 data and the blue line is a regression line for the 2018 data. In
the box plots, the lower boundary of the box indicates the 25" percentile, the bold line within the box
marks the median, and the upper boundary of the box indicates the 75" percentile. The whiskers indicate
the 10" and 90" percentiles. Dots are outliers (>Q3 + 1.5 X interquartile range) ..............c.cccecvevereuennnes 77

Figure 4.3 Summary plots of the boreal forest dataset. A) proportion emergence per year, B) egg mass size
per year, C) scatterplot of emergence rate by egg mass size (lines represent best fit linear regressions for
each year), D-I: boxplots showing proportion of larval emergence against different predictor variables D)
by average winter daily temperature, E) by average winter daily temperature variation, F) by longest
period of days below -20°C, G) by longest period of days below -30°C, H) by longest period of days
above 0°C and I) by number of days below -20°C. In plots C-I, pink refers to 2016, green to 2017 and
blue to 2017. In the box plots, the lower boundary of the box indicates the 25" percentile, the bold line
within the box marks the median, and the upper boundary of the box indicates the 75" percentile. The
whiskers indicate the 10™ and 90™ percentiles. Dots are outliers (>Q3 + 1.5 X interquartile range)....... 80

X1



List of Tables

Table 2.1 Summary statistics for the linear model on egg mass size (no. eggs in each egg band) and hatch
rates (% eggs hatched per band) and generalized linear model for larval survival (%) .......ccccoceveeecnene 22
Table 2.2 Summary statistics for the test of the effects of experimental treatments on marginal rates of
mortality from the thre€e SOUICES ......c..iviiriiiieiiecieieee et ae e et sneesebeenneenneenes 24
Table 3.1 Summary of statistics for PERMANOVAs of the effect of defoliation history on taxonomic
compositional turnover of ant communities. Significant values (p < 0.05) are highlighted in bold. ...... 52
Table 3.2 Indicator species analysis for the boreal forest data only at alpha = 0.05. The “Indicator value
index” measures the association between a species and a site group. “A” is the positive predictive value
of the species as an indicator of the site group, and “B” is the sensitivity of the species as an indicator of
the TATZET STLE GIOUP. ... eetietieiieitieet ettt ettt sttt et e st esb e e sht e satesate e st e eateeabesaeesateeabesateenteentesneesaeesaneenneeane 54
Table S.3.1 Species list and occurrence in traps of ants in the boreal forest sites along with functional traits
and shade-tolerance. Functional traits were determined using several sources, from published
descriptions, field guides and previous studies (Fairweather et al. 2020; Andersen 2019; Ellison 2012;
Banschbach and Herbers 1999; Francoeur 1973, 1983; 1986; 1997; 2011). Using the same sources, shade
tolerance was determined as either low (marked preference for open habitats), moderate (found in both
open and closed habitats), high (marked preference for closed habitats), unknown (if the study was not
studied enough to make a determination) and NA if it was a morphoSpecies. .......cccvvevveerreeecreeerreeennnnn 62
Table S.3.2 Species list and occurrence in traps of ants in the temperate forest sites along with functional
traits and shade-tolerance. Functional traits were determined using several sources, from published
descriptions, field guides and previous studies (Fairweather et al. 2020; Andersen 2019; Ellison 2012;
Banschbach and Herbers 1999; Francoeur 1973, 1983; 1986; 1997; 2011). Using the same sources, shade
tolerance was determined as either low (marked preference for open habitats), moderate (found in both
open and closed habitats), high (marked preference for closed habitats), unknown (if the study was not

studied enough to make a determination) and NA if it was @ MOrphoOSPECIes. .....ccvvevvverreerreerieerieerieeniens 62
Table S.3.3 Table of raw abundance of ant species in the boreal forest............ccceevvvieviiinciiencieecieeeeee, 63
Table S.3.4 Table of raw abundance of ant species in the temperate forest ...........cecceevieiieiinienieenieeeee, 64
Table S.3.5 Potential predator abundance. They were collected from pitfall traps. .........cccoeeveeeriereeine, 64
Table 4.1 Beta Reg Analysis of Deviance Table (Type Il tests) of percent emergence of the egg masses in

the years (1reated as COVATIAES) .....uevuiruerierierieriestertesreseeserestesstesssessessseassesssesssesssesssesssesssesssenssennes 76
Table 4.2 Beta Reg Analysis of Deviance Table (Type II tests) of percent emergence of the egg masses in

the QITETENE TOTESES ....eeutitieeieiete ettt ettt ettt s be st e e s bt e st et e s beene et e stesseeneeneen 76
Table 4.3 Mean percent emergence of the egg masses in the different forests and years. The years noted

represent the year in which they Were 1aid...........coooiiiiiiiii e 76
Table 4.4 ANOVA of egg mass size and years (treated as COVariates).........ecceevuerrueriueerieeieenieeeeeeeeeeeeeenns 77
Table 4.5 Summary of the direction of the trends observed for the temperate forest data. None of the

relationships were significant when tested using ANOVAS. .....ccoviririinininteneneeteereeeese e 78

Table 4.6 Summary statistics for the individual ANOVAs on percent eggs emerged per egg mass, and best
fit linear model for percent eggs emerged per egg mass and tested factors. Effect size for the linear model
1S OF 0. 1802 (WREITY)...veivieiieiieiieritesttestt ettt ettt e teestee s bt esteestaestbesssesbaessaassaesssesssessaesssesssesssenssanssenses 80
Table 4.7 Effect size of the best-fit model in the boreal forest using Partial Eta Squared ............c..cve.n...e.. 82

Xii



List of Equations

Equation 2.1 where D, = mortality observed in caged colonies (= 1-S.), D, = mortality observed in
tanglefoot colonies (= 1-S;), Dr= mortality observed in free colonies (= 1-Sf), M; = marginal
attack rate for intrinsic factors, M. = marginal rate of predators (both flighted and walking),
M; = marginal rate of flighted predation, and M, = marginal rate of walking predation. ......... 20

xiii



Chapter 1 - General introduction

Insect outbreaks, like forest fires, are normal disturbances in natural ecosystems. However, the
trajectory of such outbreaks is changing. A growing number of researchers are concerned that, with
climate change, especially in temperate and boreal forests (Schlyter et al. 2006), these outbreaks
will become more unpredictable (Dukes et al. 2009). Therefore, monitoring these outbreaks and

understanding their impact on ecosystems is increasingly important.

Forest tent caterpillars (Malacosoma disstria Hiibner (Lepidoptera: Lasiocampidae) (hereby
referred to as FTC)) are early-spring defoliators attacking hardwood tree species, both in the
temperate and mixed-wood boreal forests of Canada (Cooke and Lorenzetti 2006a; Man and Rice
2010). In temperate forests, FTC generally attack sugar maple trees (Acer saccharum
Marsh.(Sapindaceae)) and, in the boreal forest, generally attack trembling aspens (Populus
tremuloides Michx. (Salicaceae)). Forest tent caterpillars are univoltine, and the eggs are laid at the
end of the summer. The eggs overwinter as eggs and emerge in April, growing through May and

July, pupating in June and emerging as adults in July (Figure 1.1).

Life Cycle

The Forest tent caterpillar (Ma icosoma dissiria Hilbner)
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Figure 1.1 Life cycle of the forest tent caterpillars (Malacosoma disstria Hiibner). Mark J. Primavera, Natural Resources Canada
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Cyclical outbreaks of FTC have been recorded since the 1940s in Quebec (Fitzgerald 1995), and
the pest is present across much of North America. In Quebec, the two regions more affected in the
recent outbreaks were the Abitibi and Outaouais regions, the outbreak started in 2016 and finished
in 2018 (MFFP 2016; 2019). Cooke and Lorenzetti (2006a) have demonstrated that FTC outbreaks
vary in terms of periodicity, duration and intensity depending on the geographical location
according to the separate populations. In the south of Quebec, outbreaks tend to be shorter and
closer together, with peaks lasting around 1-2 years and occurring every 9 years, while in the north,
they tend to be longer but at longer time intervals, with peaks lasting around 1-6 years and occurring
every 10-13 years (Cooke and Lorenzetti 2006). Additionally, recent research by MacDonald et al.
(2022) showed increased genomic variation depending on geographic distance and host tree, giving

further evidence for those distinct populations.

The difficulty in predicting both the occurrence, duration, intensity and location of the outbreaks
comes partly from the challenges in conducting studies on low-density, pre-outbreak populations.
Indeed, at that stage, populations are not present in sufficient numbers to be sampled efficiently
(Bouchard et al. 2018). While outbreaking populations vary dramatically in mortality rates, endemic
populations are less visible and understood. This situation is also the case for many other
outbreaking forest defoliators such as the spruce budworm (Bouchard et al. 2018) and the autumnal

moth (Jepsen et al. 2008)-.

1.1 FTC population dynamics
Like other insect pests (Turchin, Taylor, and Reeves 1999), density dependence and delayed density
dependence are thought to play a large role in controlling FTC population dynamics (Cooke and

Lorenzetti, 2006). Density dependence refers to population growth rates varying according to

2



population size and/or density. Delayed density dependence, as described in Turchin, Taylor, and
Reeves (1999), often shows mortality to be negligible during a population growth phase, increasing
at peak population and reaching a maximum as populations decline. Delayed density dependence
can generate dramatic population cycles, such as with the spruce budworm. Bouchard et al. (2018)
demonstrated that parasitism contributes to mortality in low-density populations and as a potential

cause for sudden population fluctuations across large spatial scales.

Like most lepidopterans, FTC is r-selected and therefore governed by maximum reproductive
capacities where many eggs are laid but with a low survival rate. Survival rates can change with
population density in interaction with host plants and natural enemies (Despland 2017; Parmesan
2006; van Asch and Visser 2007; Boggs 2016). Parasitoids and diseases are often considered
important in FTC outbreak crash as sources of delayed-density dependent mortality (Parry 1995;

Parry, Spence, and Volney 1997; Hodson 1977).

Landscape heterogeneity in forests could increase FTC outbreaks' duration by reducing parasitoid
flies’ dispersal abilities (Roland and Taylor 1997). It could also impact the transmission of viruses
such as nuclear polyhedrosis virus (NPV) (Stairs 1965; Roland and Kauppp 1995; L. D. Rothman
and Roland 1998) which are associated with population density declines in FTC (Moulinier 2013).
It is proposed that fragmented habitats and the consequent disruption of the host-parasitoid

interactions can explain some spatial variations in FTC dynamics (Roland and Taylor 1997).

1.2 Trophic interactions and ecological repercussions of insect outbreaks
As defined by Ripple et al. (2016), after an extensive review, trophic cascades “are indirect species

interactions that originate with predators and spread downward through food webs.” In our case,
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the consumption of FTC by diverse predators could trickle down and indirectly promote fewer

inputs to soil ecosystems, as seen in Figure 1.2.

With Herbivory

Without Herbivory

Compounds
retained within
the canopy

vl .f

Litterfall

Soil Fil¥F
respiration [
Nt D

Nutrient&  RESIGEHE Nutrient &
Carbon cycling Carbon cycling

Figure 1.2 Trophic interactions in forested areas with and without herbivory (Metcalfe et al. 2014, 20).

During pest outbreaks, the effects of the pest can be felt at multiple scales in the trophic networks
and have both positive and negative impacts (Figure 1.3). Outbreaks cause green fall and frass
deposits, liberating nutrients retained in the canopy, which increases resources for belowground
organisms in soil food webs as well as helping with nutrient availability for saplings. The presence
of herbivores provides an influx of nitrogen-based resources with frass and greenfall. This has been
shown in both temperate (Reynolds and Hunter 2001) and mixed-wood forests (Lewis and Likens
2007), where experimental manipulations of frass and greenfall have been shown to induce
responses in soil respiration and soil nutrient cycling. In temperate and mixed-wood forests, pulses
of nitrogen can alter the cycling of nitrogen and stimulate bacterial and fungal communities,

indicating a potential nitrogen limitation can affect detrital communities (Yang 2006).



Additionally, Dansereau-Macias, Despland, and Handa (2023) found a significant decrease in
microbial biomass in previously defoliated stands, suggesting carbon reallocation from the root
exudates to foliage regeneration. The carbon-based substrate was markedly different following
defoliation, but the ratio of fungal to total microbial activity was unchanged. These results suggest
that major defoliation episodes can cause changes in soil chemistry and affect the microbial

communities, influencing forest plant responses to those defoliation events.

Created in BloRender.com bio

Figure 1.3 Trophic interactions related to the defoliation caused by forest tent caterpillar herbivory. 1) forest tent caterpillar egg
mass in the tree around a branch, 2) herbivory by forest caterpillar, 3) nutrients leaching from the leaves, 4) nutrients leaching into
the soil, 5) green fall, 6) microarthropods using the added nutrient resource, 7) saplings in the understory using the light available
due to 8) a canopy opening, 9) ground-based natural enemies using microarthropods and other resources and attacking forest tent
caterpillars along with 10) flying natural enemies.

However, the implications for succession might be drastically different in mixed-wood and

temperate forests. In our case, the boreal mixed-wood forest sites are dominated by trembling aspen



(Populus tremuloides Michx, Salicaceae) and the temperate forest sites with sugar maple (Acer
saccharum Marsh, 1785). In boreal mixed-wood forests, the overstory canopy decline is expected
to release understory conifers and accelerate forest succession from hardwood to conifer dominance
(Greene et al. 2002; Shepperd et al. 2001; Chen and Popadiouk 2002). This suggests that aspens
can quickly respond to changes in canopy gaps caused by insect defoliation, similar to their response
to overstory mortality by pathogens and wind (Hill, Mallik, and Chen 2005) or harvesting (Brais et
al. 2004; Man et al. 2008). Understory shrubs, generally restricted by low light conditions (McCoy
and Bell 1991), responded quickly to the foliage reduction of the overstory canopy by insect
defoliation, likely due to increased light availability. However, this succession has not been
investigated in maple-dominated temperate forests. FTC-caused defoliation might promote the
competitive release of beech or young maples, but this remains to be investigated. The succession
trajectory might drastically differ since sugar maples are shade-tolerant, whereas aspens are pioneer

species.

Soil resource availability can shape the structure of local arthropod communities (Polis, Anderson,
and Holt 1997). Food resource addition is likely to increase the abundance and species richness of
ants (Kaspari 1996; McGlynn 2006; Arnan, Rodrigo, and Retana 2007), spiders (Chen and Wise
1999), beetles (Yang 2006), and microarthropods (Chen and Wise 1999; Halaj and Wise 2002).
Indeed, Gagnon Koudji et al. (2023) found no significant difference in collembola abundance
between defoliated and non-defoliated sites. However, they observed changes in the community
one year after the outbreak. They bounced back to the communities found in non-defoliated sites
two years after the outbreak, suggesting an ephemeral effect of added resources. The community
composition of collembolas was linked to some soil nutrients (P, C, Mg, Mn) but not to microbial

biomass.



Omnivores such as ants and predators such as spiders can increase indirectly in density, especially
if the addition of resources increases the density of prey items like mites and collembolas, feeding
on microbes in decaying material (Klironomos, Widden, and Deslandes 1992). Additionally,
epigeic arthropods, such as ants and collembolas, may respond to soil characteristics such as ground
cover and soil moisture more than they respond to overstory processes (Work et al. 2004; Vellend
et al. 2013; Niemela et al. 1992). This can affect insect herbivore mortality (Rithimaki et al. 2005)

if epigaeic predators ascend into the canopy to prey on the herbivores.

1.3 Natural enemies and causes of mortality

For lepidopterans and FTC specifically, sources of mortality rates vary throughout the life cycle
because of different scaling properties (e.g., mandible size and strength, thermal mass, surface-to-
volume ratio), metabolism, digestive physiology, sensory modalities (Hochuli 2001), and gut
microbiota (Mason and Raffa 2014).The different instars are vulnerable to a myriad of variables

influencing their survival rates such a predation, displacement and diseases (Despland 2017).

The first source of mortality through the FTC life cycle comes during their overwintering. Since
eggs are deposited at the end of the summer (around August) and overwinter as pharate larvae, the
larvae enter diapause in the fall, only hatching around April-May, around budburst (Fitzgerald
1995). FTC egg masses show several adaptations to promote winter survival. While laying the eggs,
the female secretes a spumaline coat, dark and foamy in texture, that then hardens and serves as a
first line of defence against environmental injuries to the egg (Parry, Goyer, and Lenhard 2001).
For most of the winter, however, the mechanism truly protecting the eggs is the glycerol content in

each egg, allowing it to reach its supercooling temperature (Fitzgerald 1995). This supercooling
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point allows the eggs to withstand cold temperatures where they would have frozen, allowing the

water molecules to stay liquid instead of forming into ice (Uelmen, Duman, et al. 2016).

While accidents and failure to establish on plants make FTC vulnerable during the first instars
(Despland 2017), predation and parasitism were traditionally thought to be more important in later
larval instars (Hawkins, Cornell, and Hochberg 1997). However, research has shown that predation
rates can be very high in early-instars (Zalucki, Clarke, and Malcolm 2002; Nixon and Roland
2012). Several arthropods are known to prey on forest tent caterpillars such as hemipteran stinkbugs
(Evans 1982), beetles, especially of the genus Calosoma (Fitzgerald and Costa 1999), ants (Green
and Sullivan 1950; Parry, Spence, and Volney 1998) as well as spiders, acting as generalist
predators (McClure and Despland 2010; Ronnas et al. 2010). Many species of parasitoids attack the
eggs and pupae of species of the Malacosoma genus, and a few families of parasitoids also attack

the larval stage (see Fitzgerald (1995) and references therein; Williams, Parry, and Langor 1996).

Microbes, such as pathogens like the nuclear polyhedrosis virus (NPV), can also impact insect
mortality (Fitzgerald 1995). The NPV is a baculovirus that can infect whole populations rapidly
and often with population declines (Stairs 1965). NPV is spread horizontally after the death of an
infected caterpillar and is density dependent (Myers and Cory 2013; Rothman and Myers 1996).
There can also be sub-lethal effects and infection can be transmitted vertically to offspring infecting

the population of the next growing season (Myers and Cory 2013; Rothman and Myers 1996).

However, for outbreaking insects, specialist enemies seem to cause very little mortality by predation
in low-density populations (Dwyer, Dushoff, and Yee 2004; Turchin et al. 2003; Berryman 1996).

Generalist enemies, on the other hand, seem to have a greater impact on low-density populations
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and populations can be maintained at endemic densities by predation.(Klemola et al. 2002; Gould,

Elkinton, and Wallner 1990; Glasgow 2006; Bouchard et al. 2018).

It is suggested that the impacts of natural enemies, i.e. predators and parasitoids, on outbreaking
insects will be greater in more diverse habitats, especially those with more plant species, since this
would promote higher natural enemy abundance and diversity (Andow 1991; Russell 1989; Root
1973). It is generally accepted that more diverse habitats provide greater diversity of predator
species and microhabitats for generalist natural enemies and a greater diversity of resources for
adult parasitoids. This will also allow for a greater abundance of prey species refuges, allowing

specialist enemy populations to persist (reviewed by Jactel, Brockerhoff, and Duelli (2005)).

Ants are significant predators in northern ecosystems. It has been shown multiple times that ants
can play a role in controlling pest invertebrate species (Thunes, Gjerde, and Skartveit 2018;
Folgarait 1998; Punttila, Niemel4, and Karhu 2004; Moya-Larafio and Wise 2007; Kilpeldinen et
al. 2007; Petal 1978; Halaj and Wise 2002; Gibb and Hochuli 2003; Kilpeldinen et al. 2009; Mestre
et al. 2013; Manak et al. 2015). However, the extent to which they play a role in controlling FTC

outbreaks has not been previously investigated.

Ants are considered ecosystem engineers and can affect carbon and nutrient pool sizes and fluxes
(Risch et al. 2005). Wood ants' diet consists of elements from different trophic levels, including
invertebrate prey from both the canopy and forest floor (Domisch, Finér, Neuvonen, Niemeld, et al.
2009; Finér et al. 2013; Rosengren 1991). Moreover, forest tent caterpillars have been reported as
a food source for some species of wood ants, especially species from the Camponotus genus (Green

and Sullivan 1950a; Parry, Spence, and Volney 1998). Despland and Lessard (2022) also found that
9



ants could climb trees early in the spring, therefore being one of the only enemies present at
budburst when FTC hatch. By using a recruitment-based social foraging strategy, ants are thus able
to create heavy predation pressure on FTC and thus become a significant source of mortality for
early-instar FTC. Ants could not only be an important source of mortality for FTC, but they could
also cause a delayed density-dependent mortality response and contribute to outbreaking dynamics.
At another level, canopy gaps and increased nutrient flow during outbreaks could increase ant
abundance (Correa et al. 2016; Gotelli and Ellison 2002). This dynamic would create a feedback
loop where ants and FTC can drive each other’s populations.

1.4 Purpose

b)

a)

Figure 1.4 Site selected in a) the temperate forest and b) the boreal forest, The sites in yellow were not defoliated in the past
outbreak (2016-2017) while the green ones where defoliated.

My research aims to examine the different trophic interactions related to the disturbance event
that is an FTC outbreak in terms of both the effect of FTC on other arthropods in the ecosystem
and the feedback response, especially in terms of FTC mortality. To answer these questions, we
used two sets of sites, one in the temperate forest (Figure 1.4a) and one in the boreal forest (Figure

1.4b). This work provides novel contributions in examining mortality from different sources in
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endemic populations. In Chapter 1, I presented a literature review of the subject. In Chapter 2, I
will characterize the different sources of mortality that FTC larvae are subjected to in endemic
populations, test hypotheses of density dependence, and provide a new equation to quantify
marginal mortality rates. In Chapter 3, I will examine the potential shifts in ant community
composition in relation to the FTC outbreak and the direct and indirect drivers of these shifts. In
Chapter 4, 1 will examine the effect of temperature variation and weather events on the
overwintering mortality of FTC during and after the outbreak. This work will further our
understanding of the different trophic interactions taking place during and after the peak of an
FTC outbreak, especially those related to the increased mortality of FTC larvae during and after

the crash of said outbreak.
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Chapter 2 — Early-instar mortality of a forest pest caterpillar: which mortality

sources increase during an outbreak crash?

The following chapter is based on the published manuscript: Caron, A. S., Jarry, J. J., & Despland,
E. (2022). Early-instar mortality of a forest pest caterpillar: which mortality sources increase

during an outbreak crash? Entomologia Experimentalis et Applicata, 170 (3), 268-276.

2.1 Abstract

Collapses of insect pest outbreaks are often attributed to delayed density dependence of predation.
The forest tent caterpillar, Malacosoma disstria Hiibner (Lepidoptera: Lasiocampidae), is an
outbreaking pest species defoliating mixed wood boreal forests in eastern Canada. This species
presents periodic population dynamics with peaks every ten years and outbreaks lasting 1-3 years,
leading to stand die-back and occasionally mortality. We investigated the relative importance of
various sources of early-instar caterpillar mortality during and after the crash of an outbreak, testing
for density dependence. We used a triad set-up of complete predator exclusion, partial exclusion,
and free colonies to distinguish between intrinsic mortality (caused by, e.g., pathogens) and
mortality caused by flighted and walking natural enemies and compared defoliated outbreak sites
with control sites.

Overall, survival was lowest in the free colonies and increased with partial and complete predator
exclusion. Survival was also higher in control than in outbreak sites and higher in the final year of
the outbreak than in the following year. During the outbreak collapse, we observed no changes in
mortality from walking enemies but an increase in intrinsic mortality and mortality from flighted

enemies in the year following the outbreak. This increase is consistent with the density dependence
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of these mortality sources, but its occurrence in the control sites was also unexpected. These
findings show that early-instar mortality from flighted natural enemies and intrinsic source
increases after the outbreak but do not contribute to the population crash. However, they help

maintain low endemic levels between epidemics.
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2.2 Introduction

Eruptive population dynamics imply dramatic changes in mortality rates between the growth and
decline phases of outbreaks. Large fluctuations in population density are associated with r-selection
and type III survival curves (Watt 1960; Fowler 1981; Emlen 1984); when high numbers of eggs
are laid, but survival in early instars is low, density dependence in larval mortality can generate
eruptive dynamics. Indeed, density dependence of top-down mortality through predation,
parasitism, and disease likely plays a large role in driving population dynamics of many outbreaking
forest lepidopterans (Royama 1984; Myers 1993; Turchin, Taylor, and Reeves 1999; Cooke and
Lorenzetti 2006b; Bouchard et al. 2018; Birch et al. 2019). This mortality can occur at different
stages of the prey life cycle depending on the natural enemy involved, and we focus on agents of
early-instar mortality since less is known about mortality at this stage in our study system (Despland

2018).

Effects of prey population density on predation can be grouped in three scenarios that generate
different dynamics, as described in Turchin (1999): (1) predation does not vary with the prey
population density; (2) predation exhibits direct density dependence and the highest contribution to
prey mortality is during the peak year of an outbreak; this first-order process tends to stabilize
population dynamics (Miiller and Godfray 1999; Klemola et al. 2010; Bouchard et al. 2018;
Bellone, Bjorkman, and Klapwijk 2019); and (3) if predation is delayed density-dependent, its
contribution to prey mortality is low during prey population growth and reaches a maximum as prey
populations decline; this second-order process amplifies prey population cycles. Mortality from
natural enemies acting at different stages of the prey life cycle can follow either of these scenarios

and thus interact to create complex population dynamics (Ferguson and Stiling 1996).
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2.2.1 Natural history of forest tent caterpillars

The forest tent caterpillar (FTC) is a univoltine early-spring defoliator attacking hardwood trees
across North America (Man and Rice 2010). Trembling aspen (Populus tremuloides Michx,
Salicaceae) is FTC's main host tree species in the Canadian boreal forest. Cyclical outbreaks of FTC
have been recorded since the 1940s and occur approximately every ten years (Fitzgerald 1995),
lasting from 1 to 4 years (Cooke and Lorenzetti 2006). FTC moths lay eggs in masses in the mid to
late summer. Eggs then overwinter and hatch the following spring, synchronizing with the host tree
bud break (Fitzgerald 1995). FTC is a gregarious feeder that lives in colonies of up to several

hundred individuals, maintaining cohesion for most of their development (Despland 2013).

Many generalist arthropod predators prey on FTC, such as stink bugs (Evans 1982), beetles
(Fitzgerald and Costa 1999), ants (Green and Sullivan 1950b; Parry, Spence, and Volney 1998),
and spiders (McClure and Despland 2010; Ronnés et al. 2010). Some birds have been reported to
attack later instar caterpillars, but their overall impact is low (Fitzgerald 1995). Many species of
parasitoids attack Malacosoma spp. eggs and pupae (Fitzgerald 1995; Williams, Parry, and Langor
1996), but parasitism of larvae is low (Nixon and Roland 2012). A viral pathogen plays an important
role in FTC outbreak dynamics: the nuclear polyhedrosis virus (NPV) causes dramatic epizootic
infections in larvae, destroying entire colonies. NPV mortality can exhibit both direct and indirect
density dependence: horizontal virus transmission increases with population density, and vertical
transmission leads to high mortality in the subsequent generation (Myers 1993, 199). Mortality can
also occur due to poor nutritional resources or maternal condition (Ginzburg and Taneyhill 1994;

Rossiter 1991).
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A recent FTC upsurge in eastern Canada provided an opportunity to test for density responses of
different larval mortality agents by comparing early-instar mortality rates in colonies in control and
outbreak stands. In this study, we separated mortality into three sources: due to predation by walking
or flighted natural enemies or intrinsic factors, including pathogens. A mortality source showing
direct density dependence will show an increase in mortality in the outbreak in the outbreak's final
year. In contrast, one exhibiting delayed density dependence will be highest in the outbreak stand
in the subsequent year. This study is novel in its approach as its methods allow to decipher between
complete and partial predator exclusion and thus provides more specific results as well using

marginal rates of attacks in our calculations.

2.3 Materials and Methods

2.3.1  Study Sites

We conducted the study in and around the Forét d’enseignement et de recherche du lac Duparquet
(FERLD, N48.513, W79.369), within the boreal mixed-wood forests of eastern Canada, in post-fire
(1923) regenerated stands dominated by trembling aspen (P. tremuloides). The region was affected
by an FTC outbreak starting in 2015 (MFFP 2015) and continuing in 2016 and 2017 (MFFP 2016;

2017). No FTC defoliation was observed in the region in 2018 and 2019 (MFFP 2019).

We selected 14 sites in trembling aspen stands that were heavily defoliated in 2016, and 2017
(outbreak sites) and 14 control sites in similar age stands having escaped defoliation (B Lafleur,
pers. obs.). Sites were at least 100-m from each other. The same sites were sampled during both

years. To confirm defoliation history, we examined 20 trembling aspen saplings between 1 and 3 m
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tall in a 100-m radius around each site for FTC colonies from 2017 to 2019. We quantified sources
of larval mortality at each site with a triad experimental design repeated in 2017, 2018, and 2019.
We set up experimental egg masses in late May and left until late June when FTC reached the fourth
instar. Each triad contained three enclosure treatments (Figure 2.1): (1) free: an egg mass is attached
to a branch, making the emerging colony vulnerable to both flying and walking natural enemies.
(2) Tanglefoot: the base of the branch on which the egg mass is placed is coated with Tanglefoot
(Tanglefoot Company, Grand Rapids, MI, USA), a physical barrier made from a sticky non-drying
resin. This barrier prevents crawling arthropods, not flying predators/parasitoids, from reaching the
sentinel caterpillar colony. Moreover, (3) caged: a fine mesh cage encloses the branch on which the

egg mass is placed, excluding all predators and parasitoids.

—
Caterpillar |55 ‘o @
¥ colony i ) ‘

b) Cage

& )

c) Tanglefoot

Figure 2.1 Experimental design, each site received the three enclosure treatments on different saplings: (4) free, (B) cage, and (C)
tanglefoot
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We collected egg masses in early spring in the outbreaking stand and stored them at 4 °C until they
were installed in the trees shortly before bud burst (i.e., 23 May 2017, 28 May 2018, and 6 June
2019). Before being placed in the trees, the egg masses were sterilized with bleach to prevent the
spread of pathogens (Grisdale 1968) from the sites where they were collected. This way, any NPV

present would be from the ecosystem itself and not introduced through the egg masses.

In2017 and 2018, we placed one triad of egg masses at each of the 28 sites (14 per defoliation level;
control and outbreak). Egg mass collection in 2019 yielded very low numbers, as the outbreak had
crashed throughout the region. Thus, we reduced replication to four sites per defoliation treatment

(a total of eight trees). The 2019 data are presented but excluded from analyses.

2.3.2 Colony monitoring

We monitored colonies from hatching to the fourth larval stage when we collected all colonies and
counted the surviving larvae. We also took down the empty egg masses to assess egg mortality.
Each egg was visually scored as either hatched or unhatched (i.e., dead) using NIS-Elements Br 3.0
imaging software (Nikon, Tokyo, Japan) and FIJI imaging software (Schindelin et al. 2012). We
then calculated the hatch rate by dividing the number of hatched eggs by the total number of eggs

on the egg mass.

2.3.3  Marginal rates of mortality from different sources
We calculated larval survival rates as the number of observed live larvae at the end of the

experiment divided by the number of hatched eggs (Sc=survival rate of caged colonies,
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St = survival rate of tanglefoot colonies and St = survival rate of free colonies). Then, we converted
this number into mortality rates by subtracting the survival rate from 1. We partitioned the effects
of different causes of mortality by comparing mortality rates of colonies in caged, free, and
tanglefoot colonies. This method assumes that the cages do not affect mortality factors other than
predation and parasitism (Royama 2001). Our approach resembles that of Bouchard et al. (2018)

but with the added complexity of the partial predator exclusion (tanglefoot) treatment.

We first had to define the following mortality types. (1) ‘Intrinsic mortality’ occurs because of
factors intrinsic to the colony (e.g., pathogens, maternal effects). Any mortality inside the cages is
considered intrinsic: De = 1—Se. (2) ‘Extrinsic mortality’ is caused by factors external to the colony
(e.g., predators, parasitoids). We computed, for each site, total mortality in the presence of all
possible mortality sources minus mortality caused by intrinsic factors: De = Sf—S.. Within this
category, we can further describe two types of predation mortality: (2a) ‘flighted mortality’ is
mortality caused by natural enemies that can reach the colony by flight (e.g., flies, wasps), and (2b)
‘walking mortality’ is mortality caused by predators that can only get to the colony with no obstacles

to walking to reach their prey (e.g., spiders, ants).

We accounted for the overlap between intrinsic and extrinsic mortality by calculating marginal rates
of flighted and walking predation as well as rates of infection. As mentioned by Bouchard et al.
(2018), obtaining an unbiased estimation for mortality is difficult if an individual can be attacked
by one natural enemy (e.g., disease) and then killed by another (e.g., a predator). Marginal rates
provide a method to calculate rates of non-observable attacks and estimate overall mortality from
each source without overlap (Royama 2001). We assume no overlap between walking and flighted

mortality agents because most mortality in the early-instars is due to predators rather than
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parasitoids (Nixon and Roland 2012). Additionally, our method does not account for the potential
non-consumptive effect of predators, such as predator-attempted attacks leading to escape and
dispersal (McClure and Despland 2010). We also assume that an attack by one enemy does not
increase the mortality rate from another source, i.e., parasitism or disease does not make caterpillars
more vulnerable to predators (Royama 2001). We used the following equations based on Royama

(2001) and Bouchard et al. (2018):

M, = M, — Mg,

Equation 2.1 where D. = mortality observed in caged colonies (= 1-Sc), D = mortality observed in tanglefoot colonies (= 1-S),
Dr = mortality observed in free colonies (= 1—Sy), Mi = marginal attack rate for intrinsic factors, Me = marginal rate of predators
(both flighted and walking), My = marginal rate of flighted predation, and Mg = marginal rate of walking predation.

As we calculate the marginal rates using numbers from different egg masses placed at the same
sites, some calculations resulted in negative numbers. To remedy this, we replaced any negative

results with zeros.

2.3.4 Statistical analysis

We first tested for homogeneity of variance in the egg mass size and hatch rate using Levene’s test
and fit linear models for both egg mass size and hatch rate. Smaller egg masses and low hatch rates
can imply poor maternal condition, and these offspring often have lower chances of survival (Hunter

and Elkinton 2000). We next fitted a generalized linear model with a quasipoisson distribution for

20



percentage survival as the data were overdispersed and contained many zeros. All three models
consisted of the response variable against fixed effects of year, defoliation history, and enclosure
treatment, including an interaction term for year and defoliation history. The analysis of egg mass
size acted as a negative control to confirm the randomization of egg masses among treatments.
Complete models including sites as a random factor where also tested, but only the simplified model

was selected due to fit.

We then fitted generalized linear models with quasipoisson distribution to marginal rates of
intrinsic, flighted, and walking mortality, as the data were overdispersed and contained many zeros.
Models included fixed effects of year, defoliation history, and enclosure treatment, including the
interaction term year*defoliation history. The model used was a reduced model as the addition of
two and three way interaction did not improve model fit. We then used a Tukey post hoc test to
compare the means within the models. All analyses were conducted in the R v.3.4 statistical

computing environment (R Development Core 2017).

2.4 Results

24.1 Outbreak status
Surveys of FTC showed an average of 3.36 £ 1.86 (mean &+ SD) colonies out of 20 saplings in 2017
in the outbreaking stand. However, we observed no wild colonies in the control stand in any of the

three years of the study nor in the outbreaking stand in 2018 or 2019.

2.4.2 Egg mass size and hatch rate
Egg mass size did not differ significantly between defoliation history or year or their interaction
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(Table 2.1). However, it varied between enclosure treatments (F2.4 = 4.66, p = 0.01). The difference
between ‘cage’ and ‘tanglefoot’ colonies drove that relationship (Tukey test: p = 0.007). Hatch rates
varied with defoliation history (Fi6=9.73, p=0.002) and enclosure treatment (F25=3.1,
p =0.047). Most significantly, hatch rates decreased between years (F25=22.79, p=10.001),
decreasing from 0.74 £0.21 in 2017 to 0.53 £ 0.18 in 2018 (Tukey test: p<0.001). Hatch rates
declined in 2019 to 0.52 +0.36, but we did not include these data in the analysis due to low

replication.

Table 2.1 Summary statistics for the linear model on egg mass size (no. eggs in each egg band) and hatch rates (% eggs hatched
per band) and generalized linear model for larval survival (%)

Response Term df. SS MS F P

No. eggs/egg band  Year of experiment | 21105 10552.6 22.79 0.63
Defoliation history 1 99 98.6 0.032 0.86
Enclosure treatment 2 28468 14234.1 4.66 0.011
Year*defoliation 1 10414 10413.7 341 0.067

% eggs hatched Year of experiment 2 21105 10552.6 22.79 9.6e-07
Defoliation history 1 4505 4505.1 9.73 0.002
Enclosure treatment 2 2872 1435.9 3.10 0.048
Year*defoliation 2 2197 1098.3 2.37 0.096

d.f.  Deviance Resid. d.f.  Resid. Dev. Pr(>Y)

% larval survival ~ Null model 155 6202.6
Year of experiment 1 610.43 154 5592.2 9.6e-07
Defoliation history 1 183.52 153 5408.6 0.0072
Enclosure treatment 2 1538.53 151 3870.1 7.4e-14
Year*defoliation 1 5.02 150 3865.1 0.66

2.4.3 Overall larval survival

As expected, larval survival was highest in the caged colonies, followed by the tanglefoot colonies

and then the free colonies (x> =1538.53, d.f. =2, p<0.001) (Table 2.1; Figure 2.2). The three
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enclosure treatments differed (Tukey test: p<0.001). Survival varied significantly with defoliation
history (y*> = 183.52, d.f. =1, p<0.001), being higher in the control than in the outbreak site
(mean = SD = 0.37 + 0.34 vs. 0.25 £+ 0.30; Tukey test: p<0.01). Survival also decreased from 2017
to 2018 (> =610.43, d.f. = 1, p<0.001). It was higher during the last year of the outbreak (2017)
than in the following year (2018) (2017: 0.41 £ 0.36 vs. 2018: 0.154 = 0.21; Tukey test: p<0.001).
Survival increased slightly in 2019 (0.22 £ 0.22), but we did not include these data in the analysis
due to low replication (n = 4 +4). The interaction of year and defoliation history was not significant.
These results suggest some delayed density dependence in mortality rates as the lowest survival
rate was delayed a year compared to the peak density. However, contrary to expectation, this

increased mortality was observed in both the control and defoliated sites.
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Figure 2.2 Overall survival (%) of forest tent caterpillar colonies in the three enclosure treatments: unprotected control (free),
protected from walking predators (tanglefoot), and completely protected (cage). Colonies were observed in stands that had been
previously defoliated (outbreak) or not (control) over three years: 2017 (n = 14 + 14), 2018 (n = 14 + 14), and 2019 (n =4 + 4).
In the box plots, the lower boundary of the box indicates the 25th percentile, the bold line within the box marks the median, and the
upper boundary of the box indicates the 75th percentile. The whiskers indicate the 10th and 90th percentiles. Dots are outliers
(>03 + 1.5 X interquartile range)
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2.4.4 Marginal rates of mortality

Year affected the marginal rates of intrinsic mortality (y* = 8.19, d.f. = 1, p = 0.004) and of flighted
predation (x> =17.77, d.f. = 1, p= 0.042), but not on the marginal rate of mortality from walking
predators (Mg = 0.33 + 0.17) (Table 2.2). There were no significant differences between control and
outbreak stands. The marginal rates of flighted and intrinsic mortality were relatively low in 2017
(Mr=0.25, Mi=0.42) and increased dramatically in 2018 in both control and defoliated stands

(Mr=0.45, Mi = 0.83) (Figure 2.3). These results are consistent with those observed for the overall

survival rates.

Table 2.2 Summary statistics for the test of the effects of experimental treatments on marginal rates of mortality from the three

sources

d.f. Deviance Resid. d.f. Resid. dev. Pr(>y)

Intrinsic mortality Null model 36 9.62

Year of experiment 1.42 35 8.19 0.0038

Defoliation history 0.31 34 7.89 0.18

Year*defoliation 0.10 33 7.78 0.44
Flighted mortality Null model 36 19.56

Year of experiment 1.79 35 17.77 0.042

Defoliation history 0.0023 34 17.77 0.94

Year*defoliation 0.59 33 17.18 0.25
Walking mortality Null model 36 15.061

Year of experiment 0.049 35 15.012 0.71

Defoliation history 0.052 34 14.96 0.71

Year*defoliation 0.51 33 14.45 0.24
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Figure 2.3 Marginal mortality rates of forest tent caterpillar colonies attributed to different sources of mortality: ground-based
(walking mortality, My), flighted mortality (My), and intrinsic mortality (M;). Colonies were observed in stands that had been
previously defoliated (outbreak) or not (control) over two years: 2017 and 2018 (each n = 14). Box plot parts are as in Figure 2.2.

2.5 Discussion

As expected, larval survival increased with both protective treatments. Survival was lower in the
outbreak than in control sites, linked to the crash of the outbreak. It also decreased from 2017 to
2018, consistent with the effects of delayed density-dependent mortality agents. Marginal attack
rates showed increases between years in intrinsic and flighted mortality but not mortality from

walking predators, suggesting these first two factors exhibit delayed density dependence.

2.5.1 Intrinsic mortality

Intrinsic mortality increased significantly in the year following the outbreak, following the delayed

density dependence scenario. Egg hatch rates also decreased over the same period, and both these
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phenomena could be linked to pathogen infections. The notoriously virulent nuclear polyhedrosis
virus (NPV) is vertically and horizontally transmitted. Its incubation period is approximately
ten days, after which the infected animal’s body liquefies, releasing virions to infect others. In
addition, NPV can be transmitted directly to offspring through the eggs of sub-lethally infected
females (Myers and Kuken 1995). The increase in intrinsic mortality and decrease in egg hatch rate
observed in the present study are in line with previous observations of viral disease increasing with
population density in tent caterpillars (Stelzer 1967; Bird 1969; Myers 1993; Kukan and Myers
1997; Rothman 1997). High infection rates in 2017 imply that many females laying eggs likely had
sublethal infections, which, when transmitted vertically, led to mortality among their offspring in
the second instar, approximately ten days after hatching. This scenario would explain the increased
intrinsic mortality in 2018 in both outbreak and control sites because eggs from the outbreak stand
were used in both locations. There could also be maternal effect of poor resources at the sites where
the egg masses were collected since they were collected during the last year of the outbreak and we
can assume that nutritional resources were low and the population crashing (Rossiter 1991;

Ginzburg and Taneyhill 1994).

2.5.2 Natural enemies

Flighted enemies can include insect predators such as vespid wasps (McClure and Despland 2010),
birds, and parasitoids (mostly flies and ichneumonid and braconid wasps). These parasitoids are

much more specialized than predators in terms of the developmental stage they can attack.

Indeed, the most important source of parasitoid mortality was excluded from this study because it

attacks late instars and pupae: the sarcophagid fly Arachnidomyia aldrichi Parker (Sippell 1962;
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Witter and Kulman 2017; Parry 1995; Nixon and Roland 2012). Egg parasitoids were not included

either, but FTC egg parasitism is generally quite low (Knight, Lavigne, and Pogue 1991).

Although some generalist parasitoids do attack earlier instars (Ives 1971, 19; Parry 1994), a study
of mortality sources in low-density FTC populations in Alberta (western Canada) showed zero
parasitism in the first and second instars, and only low rates in the third and fourth instars (Nixon
and Roland 2012). In Nixon and Roland (2012)’s study, overall rates of parasitism were extremely
variable. Between 0 and 100% of marginal larval mortality was due to parasitoids, but most
occurred in the final instar or the pupal stage. The literature provides evidence that parasitoids are
an important source of mortality in the collapse of FTC outbreaks, and these are mostly late-instar
and pupal parasitoids (Parry 1994; Fitzgerald 1995). In our study, generalist predators are more
likely sources of flighted mortality than parasitoids. Although we did not observe the predators in
this study, they are likely similar to those observed by Nixon and Roland (2012), such as spiders,

ants, beetles, and pentatomids.

Flighted mortality increased in the year following the outbreak peak, suggesting a delayed density-
dependent response—the third scenario of Turchin (1999). The similar pattern observed in the
control sites was unexpected; however, spatial autocorrelation of parasitism rates has been seen to
be high over distances of hundreds of kilometres in another outbreaking forest pest, spruce
budworm, Choristoneura fumiferana (Clemens) (Bouchard et al. 2018). This could explain the
increased parasitism rates following the outbreak collapse, even in sites not directly affected by the

outbreak.

Mortality from walking predators, on the other hand, did not respond to FTC density, exhibiting the
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neutral pattern in Turchin's (1999) first scenario. Walking natural enemies are mostly generalist
predators that might not respond to FTC density if other factors limit their abundance (Bouchard et
al. 2018). For instance, ant populations often depend on prey availability late in the growing season,

long after FTC have completed their life cycle.

2.5.3 Density dependence

Marginal attack rates showed increases between years in intrinsic and flighted mortality but not
mortality from walking predators, suggesting these first factors exhibit lagged density dependence.
The three mortality sources thus showed different patterns concerning FTC density: intrinsic and
flighted mortality appeared delayed density-dependent (Turchin’s third scenario), whereas walking
mortality agents showed no response to density (Turchin’s first scenario). Lower early-instar
survival in the year following the outbreak in recently defoliated sites is consistent with density
dependence of mortality agents attacking this developmental stage. The similar increase in mortality
in control sites confirms the resilience of forest lepidopteran outbreak cycles to experimental
manipulation (Myers 1990). It appears linked to egg provenance (for intrinsic mortality) and spatial

autocorrelation (for flighted mortality).

The design of our study does not permit us to confirm the direct density-dependent increase in
parasitism reported in several outbreaking forest Lepidoptera (Gould, Elkinton, and Wallner 1990;
Klemola et al. 2010), including FTC (Roland 1993). Our results, however, are concordant with
results of delayed density dependence by Myers (1990), who showed that overall early larval

mortality of congeneric western tent caterpillar, Malacosoma californicum pluviale (Dyar),
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increased in the year following the onset of decline. Myers (1990) attributed this delayed density-

dependent mortality to NPV, and our results show a role for both disease and flighted predators.

Myers (1990) studied mortality sources over the outbreak cycle in western tent caterpillar, which
shares similar life history with FTC (Fitzgerald 1995) and showed that mortality of late instars was
high in the peak outbreak year (i.e., direct density dependence), and was mostly attributed to NPV
infections and parasitoids. By contrast, early larval mortality was low in the peak year of the
outbreak but increased in the following years (i.e., exhibited delayed density dependence). Myers
(1990) and our results suggest that early and late instar mortality play different roles in outbreak
dynamics. In their review of population cycles of outbreaking forest Lepidoptera, Myers and Cory
(2013) outline that outbreaking dynamics require both a direct density-dependent mortality source
that initiates the decline at peak density and delayed density-related mechanism(s) that prolongs the
population decline. They also state that the mortality sources for the two processes should be
different. Our results concur with previous research suggesting that early-instar mortality does not
drive the collapse of tent caterpillar outbreaks, which is likely due to horizontally transmitted NPV
and parasitoids acting on later instars (Myers 1990; Roland 1993; Myers and Cory 2013). However,
our results and those of Myers (1990) show that early-instar mortality exhibits the delayed density
dependence required to prolong collapse and likely occurs via vertically transmitted NPV and
invertebrate predators. Predators have generally been overlooked in the study of forest Lepidoptera
crashes (Myers and Cory, 2013), but classical population ecology predicts delayed density
dependence. Modelling by Cooke and Lorenzetti (2006) showed that the oscillation pattern seen in
FTC populations in Quebec indicates delayed density dependence of mortality from natural
enemies. We provide empirical evidence for this delayed density-dependent mortality and show

that it occurs in the early-instars.
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2.6 Conclusion

This study shows that both intrinsic and flighted-predator mortality of young caterpillars increases
in the years immediately after the end of an FTC epidemic. Previous work had highlighted the
important role of direct density-dependent mortality in the late larval and pupal stages in the
collapse of FTC outbreaks (Parry 1995; Williams, Parry, and Langor 1996; Parry, Spence, and
Volney 1997; Nixon and Roland 2012), and our results suggest that early-instar mortality exhibits
delayed density dependence and increases following outbreak collapse. Cooke and Lorenzetti
(2006) argue that examination of FTC time series in eastern Canada suggests population regulation
by delayed density dependence, and our results provide a mechanism for this density dependence.
Early-instar mortality thus plays an important role in outbreak dynamics by accelerating population

collapse and pushing post-outbreak populations to extremely low levels.
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Chapter 3 - Forest Tent Caterpillar Outbreaks Drive Change in Ant

Community in Boreal Forests

The following chapter is based on the published manuscript: Caron, A. S., Gagnon-Koudji, E. C.,
Handa, I. T., Girona, M. M., & Despland, E. (2023). Forest Tent Caterpillar Outbreaks Drive

Change in Ant Communities in Boreal Forests, Forests, 14(6), 1147.

3.1 Abstract

Insect outbreaks are major drivers of natural disturbances in forest ecosystems. Outbreaks can,
directly and indirectly, affect the composition of soil arthropod communities through canopy
opening, nutrient addition and predator-prey interactions. This study aimed to understand the
impacts of forest tent caterpillar (Malacosoma disstria; FTC) outbreaks through cascading effects
on ant communities in temperate and boreal forests in Canada. Pitfall traps and Berlese funnels
were used to compare the ant communities and the surrounding arthropod communities between
control and outbreak sites in boreal and temperate forests (in Quebec, Canada). Using the Serensen
dissimilarity index, we determined the alpha and beta diversity of the ant community. Other
arthropods collected in the traps were counted to evaluate the richness and abundance of potential
prey for the ants and other potential predators of the FTC.

We used an indicator species analysis to examine the species associated with sites defoliated by the
outbreak. In the boreal forest, species composition varied significantly between control and
outbreak sites. FTC outbreaks caused decreases in species richness and increases in the evenness
of ant communities in defoliated sites due to the loss of rarer species. This pattern was driven in
part by the presence of other predators. A similar but weaker pattern was observed in the temperate

forest. Ant community beta diversity did not change in response to the outbreak in the boreal forest,
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but in the temperate forest, it was lower in the outbreak than in the control sites. Ant species in the
boreal forest showed stronger associations with either control or previously defoliated sites than did
species in the temperate forest. Our study showed that disturbances such as insect outbreaks can
drive changes in the ant community. While we only observed small effects of outbreaks,
manipulation experiments using resource addition could help us validate the mechanisms behind

these relationships.
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3.2 Introduction

Insect outbreaks cause major natural disturbance events in forests and have had an impact on these
ecosystems for a long time (Aakala et al. 2023; Montoro Girona, Navarro, and Morin 2018; Navarro
et al. 2018). Defoliation, or feeding on leaves, by insect herbivores not only slows tree growth but
can also promote nutrient cycling and accelerate succession (Lavoie et al. 2021). In addition,
caterpillars are prey, and their population explosions affect trophic webs (De Grandpré et al. 2022;
Caron, Jarry, and Despland 2022). Ecosystem effects of insect outbreaks can happen through
various direct and indirect mechanisms: leaf removal increases light and temperature on the forest
floor; exploding caterpillar populations increase prey availability for many predators; and frass,
insect corpses and dropped foliage constitute nutrient transfers from trees to soils (De Grandpré et
al. 2022; Swank et al. 1981; Hunter 2001; Metcalfe et al. 2014; 2016; Lovett et al. 2002). Together,
these effects can stimulate decomposition, enhance nutrient mineralization, increase soil
respiration, promote plant growth and alter brown food webs, defined by the consumption of
decaying biomass by detritivores (Gravel, Albouy, and Thuiller 2016; Barnes et al. 2018;
Kristensen, Metcalfe, and Rousk 2018; Lovett and Ruesink 1995; Debaly, Marchand, and Girona
2022; Odum 1970). However, the full complexity of underground food webs, referring to any
trophic interaction taking place in and under the layer of litter, remains poorly understood, and the
role of soil arthropods in mediating the effects of leaf-eating insect outbreaks on ecosystem

functioning is not clear (Calder6n-Sanou et al. 2021).

Caldéron-Sanou et al. (2021) found that the direct and indirect effects of caterpillar outbreaks
increase the diversity of other arthropods in the underground food web at different trophic levels.

They showed that the magnitude of the impacts of defoliation did not decrease at higher trophic
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levels, contrary to what was assumed. The researchers expected the effect of defoliation to be
diluted the higher the trophic level. Instead, they observed a more diverse food web and a greater
proportion of high-trophic level taxa in defoliated than in control forests. Because so many of the
species making up the soil community are responsible for structural and functional characteristics
of the ecosystem, a change in their assemblage could have a large impact on ecosystems (Bardgett
and Caruso 2020; De Ruiter, Neutel, and Moore 1995; Estes et al. 2011; Saravesi et al. 2015;
Vindstad, Laksforsmo et al. 2014; Sandén et al. 2020). The functional roles of ants are also
important to consider, as they will modulate the ants’ responses to perturbations, even in the

environment (Hoffmann and Andersen 2003).

Ants are particularly important in forests since they are one of the few large-scale ecological
engineers (Jurgensen et al. 2008; Risch and Jurgensen 2008; Domisch, Finér, Neuvonen, Niemela,
et al. 2009). Ants make up a large part of the insect biomass. They can play multiple ecological
roles, such as predators, soil engineers, nutrient cyclers and regulators of plant growth and
reproduction (Del Toro, Ribbons, and Pelini 2012; Folgarait 1998; Holldobler and Wilson 1990;
Wardle et al. 2011), thus shaping both in-ground and above-ground trophic webs. In these northern
forests, ants play a crucial role in arthropod communities (Laine and Niemeld 1980; Punttila,
Niemeld, and Karhu 2004) and nutrient fluxes (Finér et al. 2013; Wardle et al. 2011). The social
organization of ant colonies means they can respond rapidly and dramatically to environmental
changes and hence can mediate ecosystem effects of disturbance (Andersen 2019).

The prey availability for ants can increase with defoliator outbreaks, both directly due to the
presence of caterpillars and indirectly due to the stimulation of brown food webs. Indeed, soil
detrivores and fungivores respond to an increase in microbial biomass and activity induced by high-

quality inputs, leading to increased soil respiration and nutrient cycling, especially if the nutrient
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inputs are sustained for a few years (De Grandpré et al. 2022; Kaukonen et al. 2013; Mikola et al.
2001; Pitman, Vanguelova, and Benham 2010; Chapman et al. 2003). Many of these soil
microarthropods, such as collembola, Acarina and Isopoda, can be prey for ants (Moya-Larafio and
Wise 2007; Cakir 2019), but this is not the only way in which changes in brown food webs can
influence ants. Indeed, ants are deeply interconnected with boreal and temperate forest trophic webs
(Laine and Niemeld 1980; Punttila, Niemeld, and Karhu 2004), but their responses to changes in
these communities are poorly understood. For instance, increases in other arthropod predators could
constrain ant responses. Ants are well-understood to exert significant predation pressure on forest
defoliators (Karhu and Neuvonen 1998; Way and Khoo 1992; Tilman 1978; Gdsswald 1990).
However, the reverse, namely the effects of outbreaks on ant communities, has received less
attention. Considering the keystone role of ants, this knowledge gap constrains our understanding

of the cascading effects of defoliator outbreaks.

The impacts of forest canopy opening on ants have mostly been studied through the effects of forest
management (Carvalho and Vasconcelos 1999; Maeto and Sato 2004; Palladini et al. 2007; Ewers
et al. 2015). Multiple studies have shown an increase in ant abundance and diversity with moderate
management intensity, where there is some increase in clearing area, canopy opening and edges
(Palladini et al. 2007; Punttila et al. 1994; Véle, HoluSa, and Hordk 2016). The main driver appears
to be a change in the forest floor microclimate from the canopy opening. Grevé et al. (2018) found
that forest management (with a moderate proportion of harvested tree volume and even-aged stands)
increases abundance, species richness and functional diversity in ant communities in temperate
forests and that this was due to reduced canopy cover and stand structural complexity. They also
found that shade-intolerant ant species (pioneer or gap species needing environments with high

availability of light to establish and grow (Farji-Brener 2001)) were more likely to be favoured and
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that this was likely due to warm conditions in the stands. In Japanese temperate forests, both open
habitat specialists and generalists were abundant in managed forests, but shade-tolerant species
(persistent or mature forest species, able to thrive in shaded environments (Farji-Brener 2001))
declined (Maeto and Sato 2004; Yamamoto 2000). In boreal forests, similar trends have been
observed in Europe (Punttila et al. 1994; 1991). Open habitats in temperate and boreal forests affect
ant diversity and abundance positively. A decrease in shade-tolerant ant species was especially
correlated with lower canopy coverage in European studies (Punttila et al. 1991; 1994; Schall et al.

2018).

The forest tent caterpillar (Malacosoma disstria Hiibner, 1820) is an important forest defoliator of
hardwoods across much of North America. Outbreaks usually last 3—5 years and slow the growth
of host trees, sometimes leading to stand dieback (Fitzgerald 1995). During forest tent caterpillar
outbreaks, defoliation increases canopy openness, increasing sun exposure to the forest floor,
resulting in higher soil temperatures, drier soil, and increased growth of saplings and understory
plants (Moulinier 2013). Similar canopy opening has increased ant abundance and species richness

in managed or recovering forests (Punttila et al. 1994; Palladini et al. 2007).

However, unlike most forest management practices, insect outbreaks also involve an increase in
prey abundance for ants, both directly from the outbreaking caterpillars and indirectly via the
stimulation of brown food webs. Indeed, ants are common predators of caterpillars (Lach, Parr, and
Abbott 2010) and have been shown to have substantial impacts on the abundance of caterpillars
(Montllor and Bernays 1993; Karhu and Neuvonen 1998; Pifiol et al. 2010) and other leaf-chewing
herbivores (Clark et al. 2016). Ant predation has been suggested to show a density-dependent

response to caterpillar availability, increasing during an outbreak and playing a role in controlling
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the outbreak (Green and Sullivan 1950b; Despland and Lessard 2022). Ants could alter trophic
cascades by lowering herbivory damage (Rosumek et al. 2009; Romero, Antiqueira, and Koricheva
2011; Moreira et al. 2012). While thinking of trophic cascades, it is also important to consider that
ants prey on soil micro-organisms, such as springtails (Collembola) as well, with certain groups,
such as the ground-dwelling Dacetini (Myrmicinae) being specialized predators (Cerd4 and Dejean

2011), thus acting on different parts of the food web associated with caterpillar outbreaks.

This study investigated the dynamics between ant communities and defoliation at the ecosystem
level in both a boreal and a temperate forest. Specifically, we evaluated the effects of a forest tent
caterpillar outbreak on ant communities, examining drivers related to environmental conditions on
the forest floor and changes in soil arthropod communities. We hypothesized that canopy opening,
high numbers of caterpillars, and increased soil arthropods driven by nutrient inputs would lead to
higher ant species diversity. Increased energy and nutrient flow, combined with increased
heterogeneity of the forest floor, was predicted to open niches, thus promoting higher ant diversity.
In terms of evenness, there are two possibilities: either many species are favoured, thus leading to
a more homogenous community (higher evenness), or only a few species can take advantage of
novel conditions, thus leading to a more heterogenous community (lower evenness). We also
examined associations of the ant species with control or outbreak sites. Finally, we evaluated the
role of three potential drivers related to outbreaks that could affect ant populations, namely canopy
opening, increased soil microarthropod populations (using collembolas as a representative group)

that can provide food resources for ants, and changes in soil arthropod predator populations.
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3.3 Materials and Methods

3.3.1 Study Area and Experimental Design
This study was conducted in two forest stands affected by the most recent FTC outbreak. In both
regions, an FTC outbreak was detected in 2016 (MFFP 2016) and continued in 2017 (MFFP 2017),

but no defoliation was observed in 2018 or 2019.

The Forét d’enseignement et de recherche du lac Duparquet (FERLD; N48.513, W79.369) is within
the boreal mixed-wood forests of eastern Canada, in post-fire (1923) regenerated stands dominated
by mature trembling aspen (Populus tremuloides Michx, 1803) 10—15 m tall. Due to the vertical
structure of aspens (very few branches until the canopy), the trees are closer together and thus at a
relatively high density. The climate is cold-temperate, with a (1961-1990) mean annual temperature
of 0.9°C and mean annual precipitation of 642 mm of rain and 215 mm of snow. Fire drives the
disturbance regime, and large, even-age trembling aspen stands arise from post-fire regeneration
(Bergeron 2000). The soils are Grey Luvisols (Canada 2013) from glaciolacustrine clay deposits
(Vincent and Hardy 1977). The region was affected by an FTC outbreak for three years, starting in
2015 (MFFP 2015) and continuing in 2016 and 2017 (MFFP 2016; 2017). No FTC defoliation was
observed in either 2018 or 2019 (MFFP 2019). Spruce budworm (Choristoneura fumiferana
Clemens, Lepidoptera: Torticidae) (Morin, Laprise, and Bergeron 1993) attack the conifers in the
area, and the birch tube maker (Acrobasis betulella Hulst, Lepidoptera: Pyralidae) and the lesser-
eyed sallow (Enargia infumata Grote, Lepidoptera: Noctuidae) (Dubuc 1996) can also defoliate

deciduous trees in this forest.

The Kenauk Nature Reserve (N45.712, W74.887) is within a temperate deciduous forest composed
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of stands dominated by mature sugar maple (Acer saccharum Marsh, 1785) and American beech
(Fagus grandifolia Ehrh, 1787). Since maple trees tend to have branches along the trees, the density
was slightly lower than for aspen forests. The climate is cold-temperate, with a mean annual
temperature of 5°C, and has a mean total annual rainfall of 807.4 mm and a total annual snowfall
of 178.1 cm (Environment Canada 2017). The disturbance regime is driven by a mix of insect pests,
mostly defoliators such as the FTC and, more recently, the spongy moth (Lymantria dispar dispar
Linnaeus, Lepidoptera:Erebidae), and weather events. The soils in the study area are classified as

Dystric Brunisols with a moder-type humus (Lajoie 1967; Canada 2013).

3.3.2 Experimental Design

The sites were classified as outbreak or control using both data from the MFFP reports cited
previously, as well as from on-site observations from other researchers. Both sampled sites are part
of research institutes that host various forest and insect monitoring projects whose information we
used in site selection. The variable representing outbreak and control sites will be referred to as
defoliation history for the rest of the study. In both regions, each site was characterized by a focal
tree around which we sampled the arthropod fauna. The arthropod sampling was conducted within
5 m of the focal tree at each site. We sampled all sites twice per field season over two years. We

then pooled the traps, sampling period and year for each site.

In the boreal forest, we selected 28 sites in trembling aspen-dominated stands (generally over 50%
of aspen and where other trees were conifers), including 14 that were heavily defoliated in 2016—
2017 (outbreak sites) and 14 control sites. The sites were described in Chapter 2. These sites were

sampled both during (2016-2017) and after (2018-2019) the outbreak. The focal trees remained the
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same during all years of sampling.

In the temperate forest, twelve (12) sites in sugar maple stands that were heavily defoliated in 2016
and 2017 (outbreak sites) and 12 control sites in similar age stands having escaped defoliation were

sampled in 2018 and 2019.

3.3.3 Environmental Variables

To confirm the defoliation history of control and outbreak sites, we examined twenty saplings of
the respective focus tree species in each region, between 1 and 3 m tall in a 100 m radius around
the focal tree, for forest tent caterpillar colonies in 2017, 2018 and 2019. At each site, we also
measured canopy openness using a densiometer in 2018 and 2019 (every two weeks during May,
June and July) and used an average of four measurements, rotating 90° on oneself, as per the
methodology recommended by the tool. We then averaged over all measurements per site taken at
the different sampling dates. Unfortunately, the 2017 data used in this study came from the dataset

of a previous student and did not contain the canopy data.

3.3.4 Ant Survey

Ants were sampled in control stands at FERLD in 2016 by Despland and Lessard (Despland and
Lessard 2022), and these data were only included in the species list (Table S3.1). Since the sampling
method was quite different from the ones used the following year, we could not use these data in
the analysis; however, they helped us obtain a description of the ant fauna. Standardized ant
sampling in control and outbreak sites was conducted in 2017-2019 at FERLD and 2018-2019 at

Kenauk.
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At each site, five pitfall traps, 50 mm in diameter, filled with propylene glycol and one drop of both
ethanol and unscented liquid soap, were set in the ground for 48 h (Bestelmeyer et al. 2000). Pitfall
traps in cold temperate climates usually attract bigger ants but are readily used to sample ants of
most functional groups (Mahon, Campbell, and Crist 2017). Pitfall traps were positioned in a radius
around the focal tree, 5 m from one another and left for 48h. The process was repeated two times,
once in late May and once in late June, to coincide with the FTC larval period. Note that ants are

not very active in May, but late June is near the peak activity period.

All ants sampled in the pitfall traps were identified to species level (Francoeur 2001; Ellison et al.
2012) and a subsample was confirmed by Dr. André Francoeur, Dominic Ouellette and Dr. Jean-
Philippe Lessard. Specimens that were either too deteriorated or could not be identified were
omitted from further analysis. Ant abundance was transformed to presence-absence data to account
for bias from nest proximity. Ant occurrence was evaluated as the number of traps in which a given
ant species was collected. We pooled data from all the traps at each site for further analysis. We

calculated ant species richness as the number of ant species found per plot.

3.3.5 Survey of Other Arthropods

We collected collembolas to use as a proxy of other potential food resources for ants beyond the
FTC larvae. Collembolas were also sampled in a subset (N = 8) of outbreak and control sites. The
samples were taken within a diameter of 1 m around the focal tree. At each tree, two replicates of
litter were taken within a 20 x 20 cm quadrant, two soil samples from 0—5 cm and two samples

from 5-10 cm, using a 5 cm corer. The two replicates for each sampling type were combined and
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conserved at 4 °C and extracted less than 48 h after collecting in the laboratory. The soil fauna was
extracted using Berlese—Tullgren extractors running for seven days, with temperatures gradually
increasing from 20 °C to 50 °C. The specimens were conserved in 70% ethanol and sorted to
separate collembolas from other soil organisms. Collembolas were prepared and identified using
published keys (Hopkin 2007; Fjellberg 1998; 2007; Christiansen and Bellinger 1980),
collembola.org and ecotaxonomy.org. If possible, the specimens were identified to the lowest
taxonomic level but were at least identified to family. The samples were also grouped into
morphospecies for hard-to-identify species (Gagnon Koudji et al. 2023). Only collembolas from

these samples were considered, not by-catch from pitfall traps.

Additionally, all other potential predators and parasitoids found in the pitfall traps were counted,
such as spiders, wasps, beetles and stinkbugs, that have been previously defined as predators and
parasitoids of the forest tent caterpillar (Evans 1982; Fitzgerald and Costa 1999; McClure and
Despland 2010; Ronnas et al. 2010; Cobbold et al. 2005), and the total predator abundance was

included in statistical analyses.

3.3.6 Statistical Analysis

An ANOVA was performed to evaluate the effect of defoliation history (independent variable) on
ant species richness and evenness (dependent variables). All the years were pooled together in each
region (2017-2019 for the boreal forest and 2018-2019 for the temperate forest) in all analyses

since a preliminary analysis showed no effect or interaction of year.

To investigate the differences in community composition between sites with different defoliation
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histories, we calculated a dissimilarity matrix based on the Serensen dissimilarity index (Sorensen
1948; Jaccard 1901). This index was used for the community analysis (for both ordination and beta
diversity analyses) because it is one of the widely used indices for presence-absence datasets. It
examines the number of species shared by two sites and the number of species unique to each. The
maximum and minimum values of Serensen are 0 (the same species composition) and 1 (no shared
species). To visualize the dissimilarity matrices, we used nonparametric multidimensional scaling
(NMDS) plots via the metaMDS function in the vegan package for R Champ (Oksanen et al. 2010).
Then, we tested the differences in the taxonomic position of the community centroids (multivariate
location) between defoliation histories using ‘Permutational Multivariate Analysis of Variance’
(PERMANOVA), the adonis2 function in the vegan package, with 999 permutations. These vectors
of our chosen variables (defoliation history, canopy openness, predator abundance, prey abundance
and prey species richness) were tested for significant effects in shaping the observed ant
communities. Since we could not use AICs or similar methods for model selection with
PERMANOVAs, we retained variables with an R?> of more than 0.02 when conducting a

PERMANOVA in our analysis.

We performed an indicator species analysis to further explore the community's changes due to the
different defoliation regimes (Dufréne and Legendre 1997). This method allows us to quantitatively
assess the association of specific species of ants to either of our two groups, in this case, the control
and outbreak sites. It assesses the predictive values of species as indicators of the conditions
prevailing under different defoliation regimes (De Caceres and Jansen 2016). Component ‘A’ is a
conditional probability referring to the positive predictive value of the species as an indicator of the
defoliation history. Component ‘B’ is another conditional probability referring to the likelihood of

finding a species in sites experiencing the defoliation history. Both components vary from 0 to 1
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(Dufréne and Legendre 1997). All analyses were carried out using R version 4.2.0 (R Development

Core 2017).

3.4 Results
We collected and identified a total of 2940 individual worker ants belonging to 37 species and
morphospecies from 2 subfamilies and 8 genera across our 28 sites in the boreal forest (Table S3.1)

and 24 sites in the temperate forest (Table S3.2).

Ants were absent in some pitfall traps, even though other arthropods were collected. From the sites
sampled in the boreal forest, we collected ants from 100% of the control and 92% of the outbreak
sites. In the temperate forest, we collected ants from 83% of the control and 50% of the outbreak
sites. Species accumulation curves validated our experimental species sampling design for
defoliation histories and regions (Figure S3.1 and S3.2).. Abundance tended to be slightly higher in

control sites.

Forest tent caterpillar colonies were observed in 2017 in the outbreak sites (3.36 = 1.86 (mean +
SD) colonies of 20 saplings) but not in the control sites, and none were observed at all in 2018 and
2019 in the boreal forest. In the temperate forest, we observed colonies both in the outbreak sites
(5.5 £2.85 (mean = SD) colonies of 20 saplings) and in the control sites (4.01 = 2.50 (mean + SD)

colonies of 20 saplings).

3.4.1 Species Richness and Evenness
Three species were shared between the two regions. We found a total of 21 species in the boreal

forest sites, with the species occurring most often being Camponotus novaeboracensis (Fitch, 1855)

49



(23% of traps), Myrmica alaskensis (Wheeler, 1917) and Formica subaenescens (Emery 1893). In
the temperate forest sites, we found a total of 16 species, with the species occurring most often
being Aphaenogaster picea (Wheeler, 1908) (25% of traps), Lasius americanus (Emery 1893) and
Stenamma diecki (Emery 1895). Many rare species, with only one occurrence, were observed.

However, a single occurrence of a species can imply multiple individuals in the same trap.

In the boreal forest, we observed significantly lower species richness (df =1, F12=9.91, p = 0.003)
and significantly higher evenness in the outbreak than in the control sites (df = 1, F12. =941, p =
0.004). We identified similar trends in the temperate forest sites; however, the high proportion of
traps that did not collect ants (90%) reduced the sample size and, hence, the power of the analyses.
In many cases, at least one trap per site had ants; therefore, when pooling traps at each site, we
observed ants in 83% of the outbreak sites and 50% of the control sites. In the temperate forest, the
species richness (df =1, F12=0.84, p = 0.372) and evenness (df =1, F1>=3.87, p = 0.085) did not

differ significantly between the control and outbreak sites (Figure 3.1).
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Figure 3.1 Species richness and evenness. The two panels on the right refer to the boreal forest data, while the two on the left refer
to the temperate forest data. Box plots represent data from pitfall traps only and from a subset of years for the boreal forest samples
(2017-2018) to limit the variation in sampling methods from 2016 and 2019, respectively. In the box plots, the lower boundary of
the box indicates the 25th percentile, the bold line within the box marks the median, and the upper boundary of the box indicates the
75th percentile. The whiskers indicate the 10th and 90th percentiles. Dots are outliers (>Q3 + 1.5 X interquartile range).

3.4.2 Species Composition

The species composition in the boreal forest sites varied significantly between control and outbreak
sites (F1,52=15.39, p=0.002, R2 =0.091 df = 1) (Figure 3.2; Table 3.1) but with an obvious overlap.
Canopy openness, collembola abundance and diversity all aligned with defoliation, showing that
they all increased with increased defoliation but did not contribute significantly to predicting ant
communities. Predator abundance also increased with defoliation and were significantly associated
with changes in the ant community.

In the temperate forest, however, while the control and outbreak sites tended to cluster away from
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each other, this clustering was not significant. Additionally, no other factors in the analysis

significantly affected ant community composition (Table 3. 1).
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Figure 3.2 NMDS ordination of boreal forest sites within control and outbreak stands based on the Serensen dissimilarity index
using taxonomic data. The abundance of predators was the only covariate aligned significantly with the ant community composition.

Table 3.1 Summary of statistics for PERMANOVAs of the effect of defoliation history on taxonomic compositional turnover of ant

communities. Significant values (p < 0.05) are highlighted in bold.

Boreal forest Temperate forest
df F R? p-value df F R? p-value
Defoliation history 1 4.62 0.080 0.001 Defoliation history 1 1.45 0.10 0.23
Canopy openness 1 1.24 0.021 0.33 Canopy openness 1 0.38 0.027 0.84
Predators 1 3.22 0.056 0.017 Predators 1 0.78 0.055 0.56
Collembola 1 038 00066  0.78 Collembola 1 1.64 0.11 0.18
(abundance) ’ ’ ‘ (abundance) ’ ’ )
Collembola (species | 16 (o1 35
richness)
Residuals 47 0.82 14 0.70

3.4.3 Beta Diversity

The taxonomic multivariate dispersion (i.e., homogenization) did not differ significantly between

defoliation histories in the boreal forest (Fi2 = 2.026, df = 1, p = 0.1607), but did in the temperate
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forest (Fi2 = 7.31, df = 1, p = 0.009) (Figure 3.3). However, it is important to note that
homogenization was quite low (i.e., beta diversity was high) between sites since the distance to the

centroid was high above the null expectation.
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Figure 3.3 Boxplot of the standardized effect size of each site's distance to multivariate space centroid (SES Dcentroid) in a) boreal
and b) temperate forests. The black dashed line represents null expectations. In the box plots, the lower boundary of the box indicates
the 25th percentile, the bold line within the box marks the median, and the upper boundary of the box indicates the 75th percentile.
The whiskers indicate the 10th and 90th percentiles. Dots are outliers (>Q3 + 1.5 x interquartile range).

3.44 Indicator Species

The indicator value (IndVal) index measures the association between a species and a site group,
such as the defoliation history. Out of the 21 species found in the selected sites in the boreal forest,
3 species were significantly associated with one group, with 2 representing the control sites and 1

representing the outbreak sites (Table 3.2); another four species were found to be as likely to occur

in both groups.
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Table 3.2 Indicator species analysis for the boreal forest data only at alpha = 0.05. The “Indicator value index” measures the
association between a species and a site group. “A” is the positive predictive value of the species as an indicator of the site group,
and “B” is the sensitivity of the species as an indicator of the target site group.

Groups Species A B IVI*  p-value
Control Camponotus herculeanus  0.78 0.57 0.67 0.008
Myrmica detritinodis 0.89 0.32 0.54 0.004
Outbreak Formica integra 1.0 0.2 0.45 0.018

* Indicator Value Index

In the temperate forest, however, we found no significant pattern of association with the defoliation
history groups. Of the 17 species found in the selected sites in the temperate forest, 4 species were
as likely to occur in both groups. However, even for others who preferred one of the two groups,

none was strong enough to be considered an indicator.

3.5 Discussion

Contrary to our hypothesis that disturbance would increase ant diversity at defoliated sites by
creating new ecological niches, the sites where the outbreak occurred did not contain a more diverse
ant community. In the boreal forest, defoliation slightly lowered the ant alpha diversity but did not
alter the beta diversity or the proportion of singletons. The increase in evenness was due to no
species being overwhelmingly dominant. The only significant trend identified in the temperate
forest was decreased beta diversity with defoliation. In the boreal forest, observed changes in ant
communities were not significantly linked to changes in canopy openness, prey abundance or
diversity. However, they did correlate with an overall increase in predator abundance in the
defoliated sites. In the boreal forest, two ant species were identified as indicators of the control sites

and one as an indicator of the outbreak sites.

3.5.1 Ant Community Responses to Disturbance

In both the temperate and boreal forests, the sites that had experienced defoliation due to an outbreak

54



were more even and less species-rich than the control sites; however, this effect only attained
statistical significance in the boreal forest. Disturbances generally impact arthropod communities
more in structurally simple habitats than in complex ones (Broza and Izhaki 1997; Gardner et al.
1995). The MFFP protocol of outbreak detection and damages categorized stands as having light
(defoliation on only the top of the canopy in some trees), moderate (defoliation on the top 2/3 in
most of the trees) or severe (defoliation on most of the branches in most of the trees) (MFFP 2016).

In our case, the intensity of the disturbance was moderate.

Ants are typically impacted indirectly by disturbances through effects on habitat structure,
microclimate, resource availability and competitive interactions (Bardgett and Van Der Putten
2014; Bardgett et al. 2005; Hedlund et al. 2004; Anderson et al. 2012; Souza et al. 2015; Frizzo,
Campos, and Vasconcelos 2012; Silveira et al. 2016; Vasconcelos, Maravalhas, and Cornelissen
2017). In our study, we knew (Lafleur, pers. obs. (boreal) and Nowell, pers. obs. (temperate)) that
there was an increase in light reaching the understory during the outbreak, therefore creating a
disturbance in the light regime. Unfortunately, we did not have the canopy openness deployed
during the outbreak and thus do not have data to support these observations. Outbreaks of species
such as the FTC are what could be considered a moderate chronic disturbance (Calizza et al. 2019),
meaning that an outbreak event in itself causes moderate damage in an area; this is because leaves
can reflush during the summer and that the epidemic cycle is relatively short (10 years), in contrast
to the timescale on which a forest operates. However, since these outbreaks are not static
geographically (Cooke, Sturtevant, and Robert 2022), the impacts may be less dramatic, especially
since changes in ant communities are mostly driven by long-term disturbance regimes (Andersen
et al. 2009; York 2000; Parr et al. 2004; Maravalhas and Vasconcelos 2014; Vasconcelos,

Maravalhas, and Cornelissen 2017). While FTC outbreaks are part of this disturbance regime and
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can alter forest succession in the boreal forest (Moulinier 2013), they are relatively short-lived

compared to those of the spruce budworm (Johns et al. 2019).

Research suggests that ant foraging in temperate regions is sensitive to sun exposure on the forest
floor (Andersen 2019). This influence on foraging could translate to changes in communities, as
foraging and competition are some of the main drivers of community assemblage (Lessard, Dunn,
and Sanders 2009; Despland and Lessard 2022). Canopy openness was higher in defoliated sites,
but it was not a significant contributor to predicting the ant communities in our study. This suggests
that the observed canopy opening was not significant enough to affect the ant communities directly.
However, it is important to mention that we did not have the canopy openness data for the years of
the outbreak; thus, this measure relates to the canopy 1- and 2 years post-outbreak. Therefore, we

do not know if canopy opening during the outbreak influenced the establishment of ant nests.

Additionally, aspens and maples can reflush during the same summer; hence, our measurement
represents long-term canopy loss due to defoliation events. In the boreal region, rarer shade ant
species were excluded from the outbreak sites and replaced with more common species. Therefore,
while canopy openness was not retained as an indicator in our model, we nonetheless saw a change
in the community consistent with a role for increased sunlight to the forest floor. Our study system,
therefore, resembled uneven-aged forest management with a strong vertical structure and small gaps
that closed quickly. These small gaps were less favourable to shade-intolerant ants than large open

areas created by forest harvesting.
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352 Indicator Species

Taxa that favour open habitats, such as the generalist Myrmicinae, usually do well in disturbed
habitats; groups that prefer closed habitats, such as specialist predators, are often at a disadvantage
(Hoffmann and Andersen 2003; Fotso Kuate et al. 2015; Leal et al. 2012; Solar et al. 2016). In our
study, the species that were only present in the outbreak sites are associated with more open habitats
such as managed forests, bogs, shrublands or disturbed areas (Fairweather et al. 2020; Milford 1999;

Ellison, Farnsworth, and Gotelli 2002; Francoeur 1986; Francoeur 1973; Francoeur 2011).

In the boreal forest, Camponotus novaeboracensis was the species that occurred most often in both
the control and defoliated stands. C. novaeboracensis is a behaviorally dominant ant (Oberg, Del
Toro, and Pelini 2012). It has been observed to successfully attack forest tent caterpillars during the
outbreak preceding our study (Despland and Lessard 2022). However, our results did not show this

species becoming more dominant in the outbreak sites.

The main species retained as indicators of control sites in the boreal forest were Camponotus
herculeanus (Linnaeus, 1758) and Myrmica detritinodis (Emery, 1921). Camponotus herculeanus
is a widespread species in boreal forests (Wheeler, Wheeler et al. 1963; MacKay and Mackay 2002).
Myrmica detritinodis is a shade species that prefers shelter under moss and lichens, preferably in
high-moisture conditions (Sirois 1993). It was expected to prefer a high canopy cover. C.
herculeanus was more surprising since it was seen to be previously associated with either closed or
open habitats (Wheeler, Wheeler, et al. 1963; MacKay and Mackay 2002). In our system, we
concluded that they may be more associated with closed habitats, but this may depend on other

environmental characteristics.
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One species associated with the outbreak sites is Formica integra (Nylander, 1856), but limited
information is available on their ecology due to their low occurrences. However, they are part of
the Formica rufa group (red wood ants), whose ecology has been well-studied in European boreal
and temperate forests. In particular, red wood ants feed on invertebrate prey from both the canopy
and forest floor (Rosengren 1991; Domisch, Finér, Neuvonen, Niemeld, et al. 2009; Holldobler and
Wilson 1990) and have been suggested to have the potential to control outbreaks of insect pests
(Parmentier, Dekoninck, and Wenseleers 2014). They also build large mounds on the forest floor
for their nests. The distribution of these mounds is governed by multiple factors (climate, ecosystem
productivity, food resources) (Kilpeldinen et al. 2007; Serttas et al. 2020), but light availability
stood out as the most important factor (Stockan, Rao, and Pakeman 2010), signifying the
importance of canopy openness. In our study, their increase in the outbreak sites suggests that this
ant species is uniquely positioned to benefit from a short-term canopy opening and resource pulse
associated with a defoliator outbreak to carry it over temporally. Since these mounds concentrate
nutrients and can affect the biotic and abiotic components of the surrounding forest, they can
increase the presence of associated species (e.g., spiders, beetles and millipedes) living near them,
such as parasites, predators and scavengers, as they provide a stable habitat with consistently higher

temperatures than the rest of the environment (Rosengren et al. 1987).

Several Formica and Camponotus species have been observed to attack lepidopteran caterpillars in
eastern Canada (Despland and Lessard 2022). While studying ants’ predation of the spongy moth,
Weseloh (1989) found that both Formica and Camponotus spp. workers attacked caterpillars,
especially at the first instar, and this decreased as the larvae grew. Thus, using forest tent caterpillars

as prey could contribute to populations of F. integra and C. novaeboracensis in outbreak sites.
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In the temperate forest, the species that occurred most were smaller-bodied ants from the
Aphaenogaster and Lasius genera. However, no species were found to be indicators of either the
control or outbreak sites. Aphaenogaster species from the species complex A. picea are omnivorous
feeders and generally feed on small invertebrates and some mushrooms (Mokadam 2021). Lasius
americanus 1s omnivorous and feeds on seeds and live and dead insects (Ellison et al. 2012). Both
the Aphaenogaster and Lasius genera were widely distributed in the sites studied, but their

distribution did not appear to be influenced by a defoliation history.

3.5.3 Prey, Predators, and Outbreaks

The results from Grevé et al. (2018) support our finding that overall prey abundance did not
influence ant species composition through increased food resources during the outbreak. However,
our results show a positive relationship between ants and other predators in the boreal forests; the
basis for this relationship is unclear. These arthropods could be responding to a disturbance,
similarly to ants, but without any direct trophic interactions between them (Grevé et al. 2018).
Generalist predators tend to increase slowly in response to increased prey availability during a
caterpillar outbreak, thus showing up as delayed density-dependent scenarios (Sabelis 1992). Thus,
high numbers can be maintained in the year following an outbreak crash (Settle et al. 1996;

Symondson, Sunderland, and Greenstone 2002).

Previous research also confirmed that increased prey abundance does not drive ant community
responses to disturbance (Grevé et al. 2018) and that ants do not respond to resource pulses of
arthropod prey (Yang 2006). Resource pulses tend to satiate predators and aboveground consumers

(Karban 1982; Sweeney and Vannote 1982; Williams, Smith, and Stephen 1993). This pulse can
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also change the structure and dynamics of communities (Yang et al. 2010). This phenomenon is
particularly present in boreal forest communities affected by spruce budworm outbreaks. This
outbreak and the resulting pulse increase the relative abundance of mobile predators and parasitoids
(Eveleigh et al. 2007). It is, however, important to note that spruce budworm outbreaks, such as the
ones in the cited studies, last much longer than the FTC. Therefore, it is not surprising that the
effects are larger. The decrease in ant diversity at our outbreak sites did correlate with an increase
in other arthropod predators, suggesting that these predators may have been more effective than
ants in responding to the prey pulse generated by the insect outbreak (Grevé et al. 2018). This trend
may have emphasized an indirect effect of other predators on the ant population, but this was not
directly studied. To do so, we would have to do studies with different sampling methods, focusing
on ant nests and being able to characterize them in detail (how recent, size, substrate) as well as
closeness to FTC colonies. We could then use those nests and perform exclusion experiments with

the other predators to observe more direct links.

3.6 Conclusion

Changes in the ant community were only observed in the boreal forest sites. Indeed, less
ecologically complex ecosystems are often less resilient to disturbances such as FTC defoliation
(Grevé et al. 2018). In the boreal forest, the ant community composition did differ depending on
the defoliation history, albeit with the opposite effect that we expected, with lower species richness
and no clear association with increased sunlight or prey availability. The increase in other potential
predators of the FTC suggested support for the resource pulse hypothesis since this functional group
also increased with defoliation.

Further research exploring microclimatic changes and resources related to FTC outbreaks and ants
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is needed to decipher the mechanisms at play, especially ones where manipulation of the resources
associated with FTC outbreaks (canopy openness, nutrient addition, ...) could be controlled instead
of the observations done in this context. Resource addition studies have been done frequently in
regard to ant communities (such as Lessard et al. 2011)) and thus the methods and framework
already exist. More natural history knowledge for specific ant species is also required to be able to
elucidate these mechanisms. Additionally, as mentioned by Kristensen, Rousk, and Metcalfe
(2020), distinguishing between low-intensity chronic herbivory and intense pulses such as those
present during outbreaks would be beneficial in deciphering the underlying mechanisms structuring

food webs.
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3.7 Supplementary material

Table S.3.1 Species list and occurrence in traps of ants in the boreal forest sites along with functional traits and shade-tolerance.
Functional traits were determined using several sources, from published descriptions, field guides and previous studies
(Fairweather et al. 2020; Andersen 2019, Ellison 2012; Banschbach and Herbers 1999, Francoeur 1973, 1983; 1986, 1997,
2011). Using the same sources, shade tolerance was determined as either low (marked preference for open habitats), moderate
(found in both open and closed habitats), high (marked preference for closed habitats), unknown (if the species was not studied
enough to make a determination) and NA if it was a morphospecies.

Species Functional groups Shade tolerance
Camponotus herculeanus Dominant, non agressive omnivore, cold tolerant Moderate
Camponotus nearcticus Subordinate, honeydew, extrafloral and gall nectar, sap Moderate
fluxes, bird and reptile droppings, and occasional
insect or spider prey
Camponotus novaeboracensis Subordinate, honeydew, extrafloral and gall nectar, sap Moderate
fluxes, and occasional insect or spider prey
Camponotus caryae Unclear since rare Unknown
Formica aserva Facultative slavemaker, honeydew Moderate
Formica glacialis Cold-climate specialist, opportunists, honeydew Unknown
Formica integra Opportunist, Cold-climate specialist High
Formica neogagates Dominant, Cold-climate specialist Moderate
Formica neorufibarbis Dominant, opportunists, Cold-climate specialist Moderate
Formica podzolica Cold-climate specialist, Honeydew, opportunists Moderate
Cold-climate specialist, facultative slavemakers, Moderate
Formica rubicunda honeydew
Formica subaenescens Cold-climate specialist, predators Moderate
Formica lasioides Tend to aphids, predators High
Omnivorous, seeds, live insects and carcasses of dead Low
Lasius americanus ones and honeydew
Leptothorax canadensis Boreal forest specialist Moderate
Leptothorax retractus Cold-climate specialist, forested habitats High
Cold-climate specialist, dead wood, honeydew from Moderate
Myrmica alaskensis aphids
Myrmica detritinodis Dominant, scavenger High
Myrmica nearctica Cold-climate specialist High
Myrmica pinetorum Opportunist High
Tapinoma sessile Opportunist Moderate

Table S.3.2 Species list and occurrence in traps of ants in the temperate forest sites along with functional traits and shade-
tolerance. Functional traits were determined using several sources, from published descriptions, field guides and previous studies
(Fairweather et al. 2020; Andersen 2019; Ellison 2012; Banschbach and Herbers 1999; Francoeur 1973, 1983; 1986, 1997,
2011). Using the same sources, shade tolerance was determined as either low (marked preference for open habitats), moderate
(found in both open and closed habitats), high (marked preference for closed habitats), unknown (if the species was not studied
enough to make a determination) and NA if it was a morphospecies.

Species Functional groups Shade tolerance

Aphaenogaster picea Opportunist, omnivorous scavenger and Moderate
disperser of seeds of woodland herbs

Camponotus pennsylvanicus Honeydew, extrafloral nectaries, dead insects High
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. . Cold-climate specialist, facultative Moderate
Formica rubicunda
slavemaker, honeydew
) . Omnivorous species, seeds, live insects and Low
Lasius americanus
carcasses of dead ones and honeydew
Lasius aphidicola Social parasite, honeydew Moderate
Lasius neoniger Opportunist, polyphagous, insects and nectar Low
L asius umbratus Temporary social parasite, polyphagous, insect Low
and nectar
Leptothorax AF-can Cryptic species Unknown
Leptothorax AF-erg Cryptic species Unknown
Myrmica incompleta Cold-climate specialist, honeydew High
Myrmica punctiventris Opportunist, generalist scavenger High
Myrmica rubra Opportunist, honeydew, extrafloral and gall Low
nectar, sap and seeds.
Stenamma diecki Cryptic species, predates on collembolas Moderate
Stenamma impar Cryptic species High
Temnothorax longispinosus Cryptic species, hoineydew, plant nectar, tiny High
insects.
Table S.3.3 Table of raw abundance of ant species in the boreal forest
2016 2017 2018 2019
Species control outbreak control outbreak control outbreak control outbreak Total
Camponotus herculeanus 57 8 15 2 82
Camponotus nearcticus 2 2
Camponotus novaeboracensis 56 107 172 136 38 25 20 2 556
Camponotus caryae 1 1
Formica aserva 42 42
Formica glacialis 121 3 2 126
Formica integra 1 41 29 72
Formica neorufibarbis 27 30 59 18 2 139
Formica neogagates 12 49 57 3 127
Formica podzolica 212 218 8 3 12 1 454
Formica subaenescens 5 193 55 44 28 325
Lasius americanus 5 2 11 10 14 2 2 46
Leptothorax canadensis 1 5 6
Leptothorax retractus 5 1 13 3 22
Myrmica alaskensis 44 19 72 137 38 28 338
Myrmica podzolica 1 1
Myrmica subaenescens 1 1
Myrmica pinetorum 3 3
Myrmica detritinodis 6 127 6 1 140
Myrmica nearctica 3 3
Tapinoma sessile 7 2 7 16
Total 536 446 801 417 172 104 22 4 2502
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Table S.3.4 Table of raw abundance of ant species in the temperate forest

2018 2019

Species control control outbreak Total
Aphaenogaster picea 51 11 66
Camponotus
pennsylvanicus 5 5
Camponotus herculeanus 1 1
Formica rubicunda 2 2
Formica rubra 1 1
Lasius neoniger 1 1
Lasius umbratus 1 1
Lasius americanus 10 6 16
Lasius aphidicola 1 1
Leptothorax AF-can 1 1
Leptothorax AF-erg 1 1
Myrmica incompleta 1 1
Myrmica punctiventris 2 2
Stenamma diecki 33 6
Stenamma impar 3 4
Temnothorax longispinosus 4 1 5

Total 84 10 2 114

Table S.3.5 Abundance of arthropods that can be considered potential predator of FTC, collected from pitfall traps.

Forest Deflollatlon Spiders Beetles Flies Wasps True bugs
history
Boreal Control 194 168 327 102 23
Outbreak 264 182 275 117 27
Temperate Control 210 329 485 83 17
Outbreak 195 312 414 90 24
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Figure S 4.1 Rarefaction curve for the temperate sites per year with a) species occurrence and b) species raw abundance. The y-
axis represents the number of species and the x-axis the number of samples taken at each site combined.
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Figure S 5.2 Rarefaction curve for the boreal forest sites per year with a) species occurrence and b) species raw abundance. The y-
axis represents the number of species and the x-axis the number of samples taken at each site combined.
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Chapter 4 — Factors involved in overwintering mortality of forest tent

caterpillar egg masses

4.1 Abstract

Global warming is expected to increase severity of insect outbreaks and that one of the key
mechanisms in increased overwinter survival. With outbreaking herbivorous insects causing
important damage in forest ecosystems through the defoliation of trees and their subsequent
vulnerability to dieback, understanding the sources of mortality is essential. Overwintering insects
such as the forest tent caterpillar can be especially subjected to temperature changes and
increasingly extreme weather events that could impact their outbreaking dynamics. In this study,
we evaluate the impact of climate factors (winter average daily temperature, winter average daily
temperature variation, number of days below a cold threshold of -20°C, number of days above 0°C,
the longest period below -20°C and -30°C as well as fall degree days) on larval emergence from
forest tent caterpillars egg masses during and after an outbreak in the boreal and temperate forests.
Egg mass size is also included as an index of maternal condition to evaluate potential changes in
intrinsic factors during the outbreak crash. We found that emergence varied significantly between
years and forest types. We also found that egg mass size is the main predictor of emergence in the
boreal forest, suggesting a role for maternal sublethal infection status or nutrition as a determinant
of egg overwinter survival. However, our research shows that there is both a stochastic extrinsic
effect (cold) and a delayed-density dependent intrinsic effect (represented by egg mass size) that

interact to determine overwintering mortality.
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4.2 Introduction

Herbivorous insects are major disturbances that modify the structure and function of forest
ecosystems (Lavoie et al. 2021; Aakala et al. 2023). For more than 20 years, scientists have been
studying the impact of climate change on insects (Volney and Fleming 2000). It is expected that the
frequency and severity of insect pest damage will increase under climate change, particularly in
high-latitude boreal forests (Girona et al. 2023; Lehmann et al. 2020; Jactel, Koricheva, and
Castagneyrol 2019). Weather is a major driver in the biological cycle and survival of pest species
and can greatly impact the damage they cause (Subedi et al. 2023; Debaly, Marchand, and Girona
2022). For example, with the mountain pine beetle (Dendroctonus ponderosae Hopkins, 1902)
(MPB), their range has been expanding due to lower winter mortality under climate warming
(Carroll et al. 2003), resulting in unprecedented outbreaks in terms of density and severity (Taylor
et al. 2006). This has led to increasing harm to trees and the release of immense amounts of carbon,

leading to a regime shift in the ecology of the affected regions (Kurz et al. 2008).

The current climate disruptions affect the intensity and frequency of extreme climatic events such
as cold spells (Cohen et al. 2012; Francis and Vavrus 2012; Overland and Wang 2015) and winter
thaws (Williams, Henry, and Sinclair 2015). Both could seriously affect insect overwinter mortality,
such as outbreaking lepidopterans in Canadian forests and have great implications for forest pest
management. To withstand cold temperatures during the winter, insects use one of two strategies:
freeze tolerance (surviving internal ice formation) or freeze avoidance (maintaining body fluids in
a liquid, supercooled state at temperatures below their melting point). Both processes use
hydrophilic cryoprotectants to protect macromolecules and act as anti-freeze to the water droplets

(Lee 2010). Of those, glycoproteins are some of the most associated with cold tolerance and have
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been studied extensively in insects (Doucet, Walker, and Qin 2009; Duman 2015; Bar Dolev,

Braslavsky, and Davies 2016).

One of the species using the mechanism of freeze-avoidance is the forest tent caterpillar (FTC)
(Malacosoma disstria Hiibner (Lepidoptera: Lasiocampidae)), an outbreaking pest insect in
deciduous forests of North America, following a population cycle of around 10 years with peaks
generally lasting 1-6 years (Cooke and Lorenzetti 2006). FTC egg masses are laid at the end of the
summer around twigs and branches where they overwinter. They then emerge at budburst in the

spring of the following year (Cooke and Lorenzetti 2006) (Figure 1.1).

Forest tent caterpillars enter diapause as pharate larvae within eggs and, during that state, lower
their metabolic rate, stop most developmental processes, and lower energy consumption (Hahn and
Denlinger 2007; 2011). Several protective mechanisms promote winter survival: a protective
spumaline coating around the egg mass (Parry, Goyer, and Lenhard 2001) and glycerol content
present in the eggs, which allows for their supercooling ability (Fitzgerald 1995). The supercooling
point (SCP) is the temperature where freezing occurs, and eggs die, and it varies depending on
species and populations (Knight 1986; Uelmen, Duman, et al. 2016). Glycerol content in the forest
tent caterpillar is relatively low for most of the year but triples from December to February before
decreasing again in March (Hanec 1966). The eggs can withstand temperatures between -20°C and

-40°C depending on their geographical provenance (Uelmen, Duman, et al. 2016).

Repeated cold events, involving spells of a few days at cold temperatures (threshold depending on
the population) with warmer days in between (Marshall and Sinclair 2015), can impact survival in

FTC. Exposure to low temperatures can provoke what is referred to as chilling injuries, meaning
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that they are not directly related to freezing but to the duration and intensity of cold exposure
(Nedvéd, Lavy, and Verhoef 1998; Chen and Walker 1994). Repeated chilling injuries
overwintering insects can cause sublethal effects such as reduced reproductive output and growth
rate (Bale, Worland, and Block 2001; Sinclair and Chown 2005; Marshall and Sinclair 2010).
Winterkill can be influenced not only by the acute effect of low daily temperatures but also by the
degree of physiological preconditioning before exposure to cold and by the length of exposure
(Cooke and Roland 2003). Marshall and Sinclair (2012) have shown that repeated short cold

exposures resulted in high survival in overwintering insects compared to prolonged cold exposure.

It has also been known for several decades that extremely cold temperatures close to the emergence
of FTC larvae can cause mortality (Wetzel, Kulman, and Witter 1973) as glycerol content in eggs
decreases as spring approaches. It is important to note that the glycerol content can also vary due to
the temperature variability of the overwintering microhabitat due to phenotype variation in response
to temperature fluctuations in the microhabitats (Sinclair 2015). Jensen’s inequality (Denny 2017)
shows that high-temperature variation in the fall and spring can lead to higher than normal lipid
consumption (Williams et al. 2012) which could be lethal in the spring since the lipid reserve is

likely depleted (Uelmen, Duman, et al. 2016).

Previous studies have explored the factors influencing overwintering mortality in FTC across the
northern part of its distribution range, such as host species, forest heterogeneity and phenology. In
Alberta, Cooke and Roland (2003) focused on the influence of forest heterogeneity on outbreak
duration. They found it a relatively good predictor but noted other predictors, such as winter
temperature, spring degree-day accumulation, and elevation, relatively weakly associated with

outbreak duration. In Québec, Trudeau et al. (2010) looked at the impact of host species on FTC
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performance, comparing the trembling aspen and the sugar maple. FTC reared on aspens generally
had shorter, higher pupal weights, fecundity, and larger and heavier eggs. However, glycerol
content was lower in aspen-reared caterpillars. It is also important to note that investment in
spumaline does not decrease with poor diets (Colasurdo, Gélinas, and Despland 2009).
Susceptibility to cold can be linked to density-dependent factors related to fitness and thus might
decrease with higher populations due to a lack of nutritional resources (Cooke and Roland 2003).
This susceptibility could translate into delayed density-dependence with the fitness of the parents

being seen in the following generation (Myers and Cory 2013).

In this study, we explored the effect of winter climate and delayed density dependence on
overwinter mortality in two different FTC populations in Quebec: one on sugar maple in the
temperate forest and one on trembling aspen in the boreal zone. We use egg mass size (number of
eggs in a mass) as an index of maternal condition and predict that egg survival rate should increase
with egg mass size (Myers and Cory 2013) and that egg mass size should decrease between years
as the outbreak progresses. Survival is expected to decrease with colder temperatures and longer
durations of cold spells. Winter thaws (periods of above 0°C temperatures) might lower survival.
Finally, we hypothesize that higher fall degree-day accumulation will increase mortality. The
relative roles of these different factors, density-dependent (intrinsic) and stochastic (extrinsic)
processes, in determining overwintering survival are likely to differ between the colder boreal and

the milder temperate sites.

4.3 Materials and Methods

4.3.1 Study sites
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This study used egg masses collected in and around two forest areas affected by the most recent
FTC outbreak (2015-2017) (Figure 4.1). In both regions, an FTC outbreak was detected in 2015
(MFFP 2016) and continued until 2017 (MFFP 2017), but no defoliation was observed in 2018 or
2019. In the boreal zone, eggs were collected in the Abitibi region from the Forét d’enseignement
et de recherche du Lac Duparquet (FERLD; N48.513, W79.369) and around the Rouyn-Noranda
airport (N48.209312, W78.838757) from mature aspen (Populus tremuloides Michx, 1803) stands
in the boreal mixed-wood forests of eastern Canada. Fire drives the disturbance regime, and large,
even-age trembling aspen stands arise from post-fire regeneration (Bergeron 2000). The studied
stands regenerated post-fire (1923) and are mostly made up of mature trees reaching 10—15 m. Due
to the vertical structure of aspens (very few branches until the canopy), the trees are closer together
and thus at a relatively high density. The climate is cold-temperate, with a (1961-1990) mean annual
temperature of 0.9 °C and mean annual precipitation of 642 mm of rain and 215 mm of snow. The
region was affected by an FTC outbreak for three years, starting in 2015 (MFFP 2015) and
continuing in 2016 and 2017 (MFFP 2016; 2017). The temperate forest sites are in the Outaouais
region, including and around The Kenauk Nature Reserve (N45.712, W74.887), in mature stands
dominated by sugar maple (Acer saccharum Marsh, 1785) and American beech (Fagus grandifolia
Ehrh, 1787). The climate in the area is cold-temperate, with a mean annual temperature of 5 °C, a
mean annual rainfall of 807.4 mm and a total annual snowfall of 178.1 cm (Environment Canada
2017). The disturbance regime is driven by a mix of insect pests, mostly defoliators such as the

forest tent caterpillar and, more recently, the spongy moth, and weather events.
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Figure 4.1 Map of collection sites in the boreal and temperate forests along with the ecozones in which they stand. Note that the
temperate sites at the southeast border of the boreal shield are in the mixed wood plain ecozone and are populated by mostly
deciduous trees.

432 Experimental design and sampling

To collect egg masses, we conducted surveys of the trees in March-April of 2016-2019, when the

snow cover was still present. Egg masses were sorted according to weathering to distinguish

between current-year eggs (spumaline intact) and previous-year eggs (spumaline damaged).

Egg masses collected in boreal forests were collected on trembling aspen seedlings and adult trees
where we could reach the branches using a pruner that had a 3-meter reach. In contrast, those in the
temperate forest were mostly collected on sugar maple using the same sampling method. However,
it is important to note that, in the temperate forest, we encountered many more egg masses laid on
various deciduous trees and shrubs (e.g. blueberry bush (Vaccinium corymbosum L.), American

beech (Fagus grandifolia Ehrh.,)) than in the boreal forest, even if shrubs are quite widespread in
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boreal forests. Since females only lay one egg mass (Fitzgerald 1995), we consider all egg masses
statistically independent. The host tree on which the egg mass was found was not considered since

it does not necessarily reflect the tree on which larval development occurred.

4.3.3 Automation of egg mass counts

We developed an automated method to distinguish rapidly between unhatched and hatched eggs on
the egg masses. We first cleaned the egg masses using Grisdale's (1985) protocol. Once they were
clean, the egg masses were sectioned into 3 to 5 sections, depending on the diameter, allowing for
a clear view and focus of the eggs to be photographed using the NIS-Elements Br 3.0 imaging
software (Nikon, Tokyo, Japan) attached to a dissecting microscope. We then used Labelbox and
Roboflow to develop a neural network (full details in Supplementary information; Figure S4.1).
Using our automation method, we counted each egg mass and got precise valueof the hatching rate
for each egg mass. Since counting individual egg mass is tedious and work intensive, few studies
with this number of specimens and this level of precision have been done before. However, we
could not account for parasitism since it is hard to visually diagnose, can be confused with

weatehring and often requires dissection.

4.3.4 Climate data

Climate data was collected from the closest Environment Canada (Environment and Climate
Change Canada 2023) weather station that offered daily temperature monitoring during the winters
(from December to March inclusively): Notre-Dame-de-la-Paix (Climate ID 7035666) (2017-2018)
in the temperate and Rouyn (Climate ID 7086716) (2015-2018) in the boreal zone. These were the
closest to our sites, being in a 20km radius. Here, we define winter as the months from December

to March, as they are the months with snow and freezing temperatures both in Abitibi and
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Outaouais. We calculated the average of the daily winter temperature variation through the winter
months (difference between daily maximum and daily minimum), the longest period of temperature
under -20°C and -30°C, the number of winter days below a threshold temperature (-20°C), the
number of winter days above 0°C as well as fall degree days. -20°C was chosen as a threshold, as
is the temperature at which forest tent caterpillar egg morality started to be observed in the lab. At

-30°C, the mortality reached significant levels (Uelmen, Duman, et al. 2016).

4.3.5 Statistical analysis

To answer our questions regarding the difference in overwintering mortality within and between
the different regions, we used a beta regression using the betareg package (Cribari-Neto and Zeileis,
2010) to account for the sample size variation between the two regions after testing for assumptions.
Those assumptions were being link appropriateness ("deviance residuals vs. indices of
observation", at least for the logit link, homogenous residuals ("deviance residuals vs. linear
predictor"), normality ("half-normal plot of deviance residuals") and no outliers ("Cook's distance
to determine outliers"). Beta regression allows for differing sample size by using simulated data to
reach a similar sample size to other samples in order to be able to compare them directly. Therefore,
it was used to see if the two regions were statistically different from each other even with variying
sample sizes. In this model, our dependent variable was the emergence rates of the egg masses, and
we tested it against the independent variables of region and year (year being considered as a factor).
Sites were also considered, but dropped since they were the more complex model was not as good
a fit as the simplified model. In terms of the years sampled, due to the very low number of specimens
for 2015, we omitted it from further analyses.

Next, we analysed emergence data for the two regions separately, using ANOV As based on a log
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transformation of the emergence rates. We then performed Tukey post hoc tests to determine the
difference in emergence between the years.

We then used a linear model with log-transformed data to test the relationship between emergence
and egg mass size in each region. Finally, we used linear models with log-transformed data to test
the relationship between emergence and the climate variables described earlier. All variables are
considered as continuous. We tested all variables independently at first. We then combined a list of
possible biologically comprehensive models and tested for the best-fit model using AICs. We
computed the effect size using Partial Eta Squared for each best-fit model. All analyses were carried

out using R version 4.2.0 (R Development Core 2017).

4.4 Results

4.4.1 Sampling effort

We collected and counted 609 egg masses, with 568 from the boreal forest (2015 =16, 2016 = 94,
2017 =256, 2018 = 202) and 69 from the temperate forest (2017 = 28, 2018 =41). Since many of
these egg masses were collected before this project started and were intended to be used in different
studies, we do not have the same number of egg masses in the two regions. In addition, egg masses

were harder to find in temperate forest sites, even with similar sampling efforts.

4.4.2 Difference in emergence between regions and years

The beta regression analyses showed significant effects of year (df =1, X?>=28.35 p <0.0001) (Table
4.1) and region (df =1, X?>=32.50, p = 1.19%) (Table 4.2) on the proportion of eggs that survived
overwinter and emerged successfully.

Survival was overall higher in the temperate forest (80.67% +0.49 (weighted average)) than in the
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boreal. In the boreal forest, survival was at its lowest in the year before the outbreak, peaking in

the first year of the outbreak and decreasing in subsequent years (Table 4.3).

Table 4.1 Beta Reg Analysis of Deviance Table (Type Il tests) of percent emergence of the egg masses in the years (treated as
covariates)

Df Chi Square = Pvalue Pseudo R-Squared
Year (as 1 28.35 1.017 0.031
covariate)

Table 4.2 Beta Reg Analysis of Deviance Table (Type Il tests) of percent emergence of the egg masses in the different forests

Df  ChiSquare Pvalue Pseudo R-Squared
Region 1 32.50 1.19-8 0.079

Table 4.3 Mean percent emergence of the egg masses in the different forests and years. The years noted represent the year in
which they were laid.

Region  Year Mean SD
Temperate 2017 081 0.16
2018 0.93  0.086

Boreal 2016 085 0.11
2017 084 0.15

2018 075 0.15

In the temperate forest, emergence rates testes using the beta regression did not differ between 2017
and 2018 (p=0.7199142). In the boreal forest, 2016, 2017 and 2018 were all significantly different
from one another according to the Tukey test (2016-2017: p=0.008, 2017-2018: p<0.001, 2016-

2018: p<0.001).

4.4.3 Egg mass size
In the temperate forest, egg mass size did not vary significantly between years, nor was it related
to percent emergence (Figure 4.2C, Table 4.4). We, however, observed that many of the observed

trends between the two years were what was hypothesized (Table 4.5).
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Table 4.4 Replicated regression testing differences in egg mass size between years (treated as covariates)

Df Sum Square Mean Sq F value P value

Temperate Year 1 3 3.3 0.004 0.95
forest Residuals 39 31 799.6
Boreal forest Year 1 17926 17926 497 0.026
Residuals 566 2040034 3604
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Figure 4.2 Summary plots of the temperate forest dataset. A) proportion of eggs that emerged per egg mass according to year, B)
Number of eggs per egg mass for each year of the study, C) Proportion of eggs that emerged per egg mass according to egg mass
size, Pink represents the 2017 data and blue the 2018 data. nkpi In the box plots, the lower boundary of the box indicates the 25"
percentile, the bold line within the box marks the median, and the upper boundary of the box indicates the 75" percentile. The
whiskers indicate the 10" and 90" percentiles. Dots are outliers (>Q3 + 1.5 X interquartile range)
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Table 4.5 Summary of the direction of the trends observed for the temperate forest data. None of the relationships were significant
when tested using ANOVAs. The bolded signs represent the expected relationship.

Direction of relationship (from 2017 to 2018)
Emergence ~ Average temperature +

Emergence ~  Average temperature variation -

Emergence ~ Longest period below -20C -

Emergence ~ Longest period below -30C -
Emergence ~  Total days below -20C -
Emergence ~  Total number of days above 0C +

In the boreal forest, egg mass size significantly decreased as the years progressed (df=1,
Fi,566=4.974, p=0.0261), and size of the egg mass was a good predictor of emergence rate (Table

4.6, Figure 4.3C).
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Figure 4.3 Summary plots of the boreal forest dataset. A) proportion emergence per year, B) egg mass size per year, C)
scatterplot of emergence rate by egg mass size (lines represent best fit linear regressions for each year), D-1: boxplots showing
proportion of larval emergence against different predictor variables D) by average winter daily temperature, E) by average winter
daily temperature variation, F) by longest period of days below -20°C, G) by longest period of days below -30°C, H) by longest
period of days above 0°C and 1) by number of days below -20°C. In plots C-1, pink refers to 2016, green to 2017 and blue to 2017.
In the box plots, the lower boundary of the box indicates the 25" percentile, the bold line within the box marks the median, and the
upper boundary of the box indicates the 75" percentile. The whiskers indicate the 10" and 90™ percentiles. Dots are outliers (>Q3
+ 1.5 x interquartile range)

Table 4.6 For boreal forest data, summary statistics for replicated regression of egg emergence rate against egg mass size and
individual linear models for egg emergence rate vs environmental predictors. The best-fit linear model combining several
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predictors is also shown, the associated effect size is 0.1802 (Wherry).

Models
Df Sum Square Mean Sq F value P value
Emergence ~ Intercept 1 0.22 0.22 3.97 0.047 *
Total egg mass size 566 30.84 0.05
Estimate  Std. Error t value Pr(>Itl)
Emergence ~ Intercept 4.88 0.05 98.27 <2e-16 ***
Average temperature 0.046 0.0044 10.35 <2e-16 ***
Emergence ~ Intercept 6.22 0.20 31.67 <2e-16 ***
Average temperature variation -0.19 0.020 -9.43 <2e-16 ¥
Emergence ~ Intercept 4.78 0.050 95.64 <2e-16 ***
Longest period below -20C -0.072 0.0086 -8.39 3.95e-16 ***
Emergence ~ Intercept 4.41 0.014 314.36 <2e-16 ***
Longest period below -30C -0.069 0.018 -3.93 9.39e-05 ***
Emergence ~ Intercept 4.85 0.042 114.75 <2e-16 ***
Total days below -20C -0.049 0.0042 -11.51 <2e-16 ***
Emergence ~ Intercept 4.08 0.031 130.51 <2e-16 ***
Total number of days above 0C 0.039 0.0041 9.59 <2e-16 ***
Emergence ~ Intercept 4.39 0.015 297.19 <2e-16 ***
Fall degree days -0.10 0.070 -1.44 0.15
Random effects Variance  Std. Dev.
Year 0.0073 0.085
Residuals 0.043 0.21
Fixed Estimate  Std. Error t value Pr(>Itl)
Emergence ~
Intercept 5.31 0.52 10.14 0.00065 *
Total egg mass size 0.00034 0.00015 222 0.027 *
Average winter temperature variation -0.050 0.053 -0.95 0.38
Longest period below -20C 0.083 0.015 -5.69 4.987 *=
4.4.4 Climate variables

Since the previous beta regression showed a significant difference between the temperate and boreal

region (Table 4.2), we tested the two regions separately.

None of the predictor variables had significant effects in the temperate forest, individually or in a

combined model (Figure 4.2), but we did observe the trends (Figure 4.3). The effect size of the only

variable in the best-fit model (total egg mass size) was of 0.02 (95% CI1[0.025, 0.975]).
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In the boreal forest, all the climatic variables significantly affected the emergence rate when tested
individually (Table 4.6 and Figure 4.3). We see a positive relationship between emergence and
higher average temperatures. We see a negative significant relationship with emergence in terms of
the average winter temperature variation; average temperature variation increased, and emergence
decreased. We see a significant negative relationship when looking at the longest consecutive
number of days below the -20°C and -30°C threshold. In terms of total number of days below -20°C
during the winter, we see a pattern of lower emergence along with the number of days below the
threshold. Finally, we see a significant relationship between the number of days above 0°C and

higher survival.

The best-fit model in the boreal showed that total egg mass size and the longest period below -20°C
significantly affected the emergence rate (Table 4.6). The effect size for the independent variables

in the best-fit models are stated in Table 4.7.

Table 4.7 Effect size of the best-fit model in the boreal forest using Partial Eta Squared

Parameter Eta? (partial) 95% CI
Total egg mass size 0.87 [0.00, 1.00]
Average winter temperature variation 0.13 [0.00, 1.00]
Longest period below -20C 0.37 [0.21, 1.00]
4.5 Discussion

Our results show that, in the boreal forest, egg survival increased with egg mass size; winter
weather, especially duration of periods below -20°C, also decreased overwinter survival. No
significant differences in emergence rate were detected in the temperate forest. It is important to
note that the temperate zone sample size was much lower and that the effect size provides evidence

that variation is in part related to variables we have not sampled in this study. These could include
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more precise temperature data from the sites where the egg masses were collected, snow cover,
position of the egg on the tree, wind speed, as well as the precise laying period of the different egg

masscs.

The results from the boreal forest imply both delayed density-dependent variation in egg survival,
which would tend to amplify outbreak dynamics, and a density-independent influence of winter
weather, which introduces a stochastic element to population dynamics. The interaction of these

factors can lead to complex dynamics.

4.5.1 Maternal effects
The total egg mass size had a weak positive relationship with the emergence rate. When taken
chronologically (excluding 2015), the egg mass size did show a decreasing trend with years, in

accordance with what Wellington et al. (1975) predicted with the western tent caterpillar.

This decrease in fecundity (egg mass size) is not the only manifestation of decreased individual
condition with outbreak progression. Ginzburg and Taneyhill (1994) showed that, in forest
Lepidoptera (Choristoneura fumiferana, Hyphantria cunea, Lymantria dispar, Epirrita autumnata,
Bupalus piniaria and Acleris variana), delayed density dependence was in part caused by the
transmission of quality through generations via maternal effects, directly relating the average
quality of individuals to population abundance. The role of individual condition and its impact on
the subsequent generation through maternal effects was first proposed in the western tent caterpillar
(WTC) (Malacosoma pluviale). In work done by Wellington (1957; 1960; Wellington et al. 1975),

egg overwinter survival was directly linked to the amount of yolk provided by the laying female.
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This represents environmentally-based maternal effects where the condition of the mother can
significantly influence offspring dispersal potential, growth rate, or fecundity, which can be sen
through offspring numbers, through the quantity or quality of egg provisions (Rossiter 1991). The
impact on offspring fecundity can have repercussions for several years, leading to delayed density
dependence effects. Several studies (Cooke and Roland 2003; Prentice 1954; Gautreau 1964; J.
Witter, Mattson, and Kulman 1975) have observed that egg mortality was high only after
populations had reached epidemic levels, suggesting a link between overwintering mortality and
population density (Wellington 1957; 1960). While the previous references are for the Western Tent
Caterpillar, the similarities between the population cycles and physiology of the two species have
been established (Lait and Hebert 2018; Ginzburg and Taneyhill 1994). Therefore, there is good

evidence that maternal effect could play a role in the results we observed.

4.52 Overwinter survival and outbreak dynamics

It is also proposed that cold-weather anomalies might select the most cold-adapted individuals.
Thus, the surviving population may better survive the winter, leading to nonstationary dynamic
effects (Royama and Royama 1992). The effects on cold hardiness could then contribute to the
observed density dependence effect associated with the cycling dynamic of the FTC. We did not
see evidence for increased cold hardiness through the different years from 2016 to 2019, contrary
to what Cooke and Roland (2003) observed in their study. While they observed higher survival as
the years went on, we saw a slight decrease in survival from 2016-2019. This supports the
hypothesis of lower maternal fitness related to density dependence effects instead of natural
selection of cold-hardier eggs. With denser populations, nutrition becomes less adequate, rendering

caterpillars more vulnerable, lowering maternal fitness and thus laying smaller egg masses and
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lower emergence rates during the following year (Ginzburg and Taneyhill 1994). Such a mechanism
could lead to important nonstationary dynamic effects (Royama and Royama 1992) and thus
contribute to the observed cyclical outbreak in FTC. These effects are in relation to stochastic

weather events that can precipitate the crash of an outbreak Cooke and Roland (2003).

4.5.3 Climate variables and phenology

According to our best-fit model, total egg mass size was not the only predictor of emergence,
showing the impact of temperature-related factors on the survival of FTC eggs. Changes in winter
climate variability are challenging to predict, even when considering the likelihood of extreme
events (Easterling et al. 2000). Organisms have experienced recurring cold spells similar to, or more
severe than, those in the past, despite an overall trend of winter warming (Gloning, Estrella, and

Menzel 2013).

An increase in variation of temperatures can disrupt the predictability of winter events and thus
affect evolved cold-tolerance physiological mechanisms (Bale and Hayward 2010). Especially in
species such as the FTC that have seasonally programmed responses where a certain warm
temperature threshold being surpassed for a certain number of days kickstarts physiological
processes to initiate emergence (Fitzgerald 1995), an increase in temperature could cause sub-lethal
impacts (e.g. Marshall and Sinclair 2010), lower survival (e.g. (Régniére and Bentz 2007) and
overwinter energetics (e.g. (Williams, Henry, and Sinclair 2015; Bale and Hayward 2010; Sinclair
etal. 2013). Increasing mean winter temperatures could trap the insect in a freeze-thaw cycle where
they would have to transition at the threshold much more often than previously, experiencing cold

injuries and increased energy expenditure (Marshall and Sinclair 2012). This is likely cumulative
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in most overwintering insects (Williams, Henry, and Sinclair 2015). While average daily
temperature variation, in the best-fit model, did not significantly impact emergence, we believe it
is still an important factor to consider. More fine-scale data on temperature variation throughout the
egg part of the FTC life cycle could illuminate more impacts of temperature variation seen in other
related species as well as other variables such as variation in daily minimum and maximum
temperatures. Because metabolic rate is generally slowed down during most of the colder parts of
the winter, most of the lipid consumption seems to happen during periods of relatively warm
conditions and early spring and late autumn when insects are not feeding but are subject to elevated
metabolic rates during warm spells (Sinclair and Marshall 2018). Metabolites analysis by Trudeau
et al. (2010) showed a U-shaped trend for glucose and glycogen throughout the winter and an
inverse trend for glycerol. While we know that this pattern is consistent, between-year comparison
through differing warming or temperature variation regime could help us better understand the lipid
consumption and metabolic habits of forest tent caterpillars, especially in the face of a warming

climate.

Another aspect to consider is the timing of diapause related to the climate. Since we did not follow
the egg masses through the whole process, it is hard to determine when the eggs were laid and, thus,
when diapause started. Imagos are generally seen in July in the boreal forest (personal
communications and iNaturalist 2023) and live from 5-10 days. We can therefore assume the eggs
are being laid around mid to late July. In spruce budworms, it has been shown that delaying diapause
initiation by a few weeks relative to the usual timing resulted in higher overwintering mortality and
the inability to accumulate enough glycerol to be able to survive lethal temperatures (Han and Bauce
1995). Additionally, Delisle, Bernier-Cardou, and Labrecque (2022) showed that early winter frosts

could present similar challenges. Since it is likely that, under future climate change scenarios, the
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occurrence and severity of early winter frost or very later summer will increase (Gloning, Estrella,
and Menzel 2013), this aspect needs to be considered when looking at the overwintering mortality

of pest insects.

4.5.4 Forest types

Trembling aspen (Populus tremuloides Michx.) is the FTC’s preferred host in the boreal zone, but
sugar maple (Acer saccharum Marsh.) is the most commonly used host in the temperate area of our
study (Witter 1979; Grisdale 1985; Martineau 1985). Sugar maple is known to be a less suitable
host for FTC (Fortin and Mauffette 2002; Colasurdo, Dussutour, and Despland 2007), raising the
possibility that differences in host plant quality could affect our findings. In a previous study
(Trudeau et al. 2010), eggs laid by moths that fed on aspen had higher pupal weight and produced
more eggs. Still, those who fed on maple had higher glycerol and glycogen levels and thus a lower
supercooling point (Trudeau et al. 2010), which implies higher overwinter survival. The higher
winter survival we observed in the temperate zone could thus be linked to host plants and milder
winters. Genomic studies show small genetic differences between boreal FTC populations in aspen
forests and temperate FTC populations in maple stands (MacDonald et al. 2023). They could further

be investigated in terms of cold hardiness.

4.6 Conclusion

In this study, we demonstrate that emergence differed significantly between the two foci of the FTC
outbreak ranging from 2015-2019 and that emergence followed a slight pattern of density
dependence using emergence rates of the egg masses. Additionally, we showed that total egg mass

size was important in predicting emergence, especially in the boreal region, but climate variables
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also played a significant role. These results align with Cooke and Roland (2003), who suggested
that weather variables correlated with mortality are density-independent, but the factors mediating
their impact, such as maternal condition, are density dependent. This important relationship
between stochastic and density-dependent factors is crucial to predicting the future of FTC

outbreaks.

Our results also suggest that the observed increase in the average temperature throughout the years
related to the lower survival of FTC eggs. While 2-3 years is quite short to say the average
temperature is increasing, we know from climate change projections that temperature is projected
to increase in the next decades (Gloning, Estrella, and Menzel 2013). With this coinciding with an
increase of days below the -20°C threshold, we expect that especially in the northern range of the
FTC, with a likely increase of extreme winter events through global warming (Gloning, Estrella,
and Menzel 2013), we will also see an increase in mortality of the FTC. Climate changes will likely
cause an increase in average temperatures in the temperate forest, which could cause the dispersal
of the local population towards the north of their distribution (Uelmen, Duman, et al. 2016). Climate
change will likely facilitate the northward expansion of other insect species in north temperate
zones. Therefore, the inclusion of maternal effects as well as climate is necessary to better predict

the future of FTC outbreaks and their impact on the ecosystem.
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4.7 Supplementary information
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Figure S4.1 Diagram of automation process. Created with BioRender.com

We used a subset of 345 images of egg masses to train the model using the Labelbox web GUI
(April 2020). This subset was split into training (330 images, some of which were transformed
versions of existing images to increase the diversity of the input data), validation (10 images) which
a trained observer manually counted to identify the different types of egg masses present and test
(5 images) datasets. These images were presented to the Roboflow Object Detection trainer web
GUI, which is a “you-only-look-once” (YOLO) network (Redmon et al. 2016) (roboflow.com,
2021/07/03). Egg casings were classified as open, closed, red-lipped open and red-lipped closed,
and the YOLO network is trained to identify each of these object types with a certain degree of

confidence. We were training the network with labelled images as training data teaches it to identify
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differences between the different classes, refined by a validation step that checks if the labels
predicted by the current iteration of the network match the labels on the validation dataset. The
training/validation cycle ran through 250 epochs, reaching a precision of ~0.8 and a mean average
precision of ~0.72 at a 0.5 confidence level. Predictions on novel data were obtained using a Python
script which uploaded the image to the Roboflow servers to be labelled by the model and then
returned predictions in CSV files for each image. Data was then extracted using R. We used a loop
to go through each file, grouping subsequent clusters of the four categories (opened, red-lipped
opened, closed, red-lipped closed). When a set of non-red-lipped categories bigger than the red-
lipped categories was detected, we used the last row of the red-lipped cluster as a cutoff for the new
subset. Then, the remaining rows were added to a new CSV file, identifying the line with the name
of the image. We ended up with a CSV with all the data associated with the images, which was then

cleaned for analysis.
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Chapter 5 - General Discussion

5.1 Thesis objectives and results

This thesis explored the top-down and bottom-up trophic interactions related to FTC outbreaks in
Quebec in two populations across its range in eastern Canada. Throughout our different studies, we
found that FTC had the potential to influence its environment through major defoliation events but
also responded in a density-dependent way throughout its cycle, especially during the low-density

endemic period between outbreaks.

In Chapter 2, we detected a pattern of density dependence following an outbreak related to two
specific sources of mortality: intrinsic and from flighted natural enemies at an early instar. Predation
and parasitism against FTC are usually studied at later instars. According to our study, predation
did not make up for most of the mortality at the first instar. Our findings suggest that mortality from
flighted enemies and intrinsic sources do not contribute to the crash of the outbreak but maintain

these populations at low endemic levels between outbreaks.

In Chapter 3, we found that that defoliation history had an impact on ant species diversity with
richness decreasing and ant evenness increasing with the presence of defoliation compared to non-
defoliated sites. There was no significant difference in beta diversity between outbreak and control
sites in the boreal forest, but there was a decrease of beta diversity in defoliated sites in the temperate
forest. Additionally, species composition varied significantly between the control and outbreak
sites. One of the major results from this chapter is that boreal ants tend to be more indicative of
either control or outbreak sites than ants in temperate forests. We also provide the most up-to-date

ant species list of the Forét d'enseignement et de recherche du lac Duparquet (FERLD) and the
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Abitibi region. Boreal ants remain a poorly studied fauna even though efforts have been made in
recent years to catch up and provide an updated species list of the area, often providing new
distribution records (Glasier et al. 2019; Ibarra-Isassi, Handa, and Lessard 2023 as well as work by

André Francoeur, Jiirgen Heinze and Jean-Philippe Lessard).

In Chapter 4, we were able to detect the influence of climate on the mortality occurring in egg
masses during the overwintering period of the FTC life cycle. In this case, the low winter
temperatures and temperature variation correlate with lower survival. Egg mass size correlated
significantly with survival in our study. We observed an effect of the year, which, along with
previous research, suggests a maternal effect by lowering the egg mass quality and, thus, increasing
mortality due to winter conditions. These results are significant considering the likelihood of more
erratic temperature variation and intense cold spells in boreal regions, even with rising global
temperatures due to climate change (Cohen et al. 2012; Francis and Vavrus 2012; Overland and

Wang 2015; Williams, Henry, and Sinclair 2015).

5.2 Future publications

During my thesis, especially for Chapter 4, I developed an automation tool with Dr. Chris Law from
the Centre for Microscopy and Cell Imaging at Concordia University to help characterize forest tent
caterpillar egg masses using a machine learning tool. While it has been described in the methods of
Chapter 4 to present the resulting dataset, we will likely be writing a technical paper along with the
code to share the tool more widely. Through the study of forest insect pests, we often encounter an
immense amount of data which is time intensive to sort through. Having a better tool, at least for
forest tent caterpillars and other species with similar egg masses such as the eastern and western

tent caterpillars and potentially stink bugs such as the brown marmorated stink bugs, to help provide
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datasets of emergence will help with asking more precise questions on the matter without sacrificing
the quality of the data to the time necessary for it. Additionally, because the model is trained on
specific datasets, this tool could be adapted for other caterpillars and insects that share similarly

arranged egg masses, such as stinkbugs.

5.3 Implication for sylvicultural practices related to pest insects
This thesis shows the importance of different sources of mortality and their link to the FTC outbreak
cycle. It highlights the need to consider the whole ecosystem while aiming for sylvicultural practices

to reduce or even contain the ecological and economic impacts of the outbreaks.

There are multiple reasons to manage pests within a forest ecosystem, whether for economic
reasons, such as sustainable timber yields or environmental ones, such as emulating natural
disturbance ecology. In both cases, having a clear long-term picture of insect disturbances is crucial
(Cooke and Lorenzetti 2006). Pest impact assessments are regularly used to assess a pest's
ecological and economic impact. However, these impacts are often hard to disentangle from
ecosystem processes or the effect of other pest species (Swank et al. 1981; Reynolds, Hunter, and
Crossley Jr 2000; Lovett et al. 2002; Lewis and Likens 2007). To do so, cumulative impact needs
to be considered in terms of its effects on individuals (e.g. reproductive success, growth),
populations (e.g. genetics, population dynamics), communities (e.g. species diversity, species
composition), ecosystems (e.g. nutrient cycling), and regions (Parker et al. 1999; Ricciardi et al.
2013). Forests are also great reservoirs of biodiversity and provide multiple ecosystem services
(Brockerhoff et al. 2017). Therefore, in recent years, the use of insecticides and pesticides has been
diminished (Schowalter 2017), and management practices are shifting to a more integrated

framework.
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Since the forest tent caterpillars are native to the ecosystems, the goal is not necessarily eradicating
them. As mentioned previously (Chapter 1), herbivory does not have strictly detrimental effects on
forest ecosystems. Indeed, it can provide an input of nutrients to the soil and the plants and
microorganisms living in it (Metcalfe et al. 2014). Additionally, the damage caused to trees is often
non-lethal, even if it can accentuate the vulnerability of trees to other pathogens and disturbances
(Fitzgerald 1995). Using an integrated pest management (IPM) approach is especially important in
the case of the forest tent caterpillar. IPM is “an ecosystem-based strategy that focuses on long-
term prevention of pests or their damage through biological control, habitat manipulation,
modification of cultural practices, and use of resistant varieties. Pesticides are used only after
monitoring indicates they are needed according to established guidelines, and treatments are made
to remove only the target organism. Pest control materials are selected and applied to minimize
risks to human health, beneficial and non-target organisms, and the environment” (University of
California Davis 2015). The two basic strategies to reduce the negative impacts of pest insects are
prevention (reduce probability and severity of future infestations by manipulating the stand, forest
or landscape) and suppression (reduce current infestations by manipulating the pest population
using remedial tactics) (Sweeney et al. 2023). Regarding cost-benefit analysis, prevention can be
much less costly than suppression of an outbreak, such as with the spongy moth in North America

(Tobin 2008).

Traditional biological control usually aims for the establishment and longtime pest management of
a certain species. On the other hand, conservation biological control is the “modification of the
environment or existing practices to protect and enhance specific natural enemies or other

organisms to reduce the effect of pests” (Eilenberg, Hajek, and Lomer 2001). This framework is
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especially interesting in the case of the FTC, as we know that mortality agents are already present
in the ecosystem. This can be done in multiple ways, such as protecting or increasing the
populations of biological control agents, in our case parasitoid wasps and flies, ants and other
predatory insects, by reducing or targeting the use of pesticides (Cadogan, Nealis, and Van
Frankenhuyzen 1995) or providing alternate hosts for these natural enemies during endemic stages
of the population cycle (Sweeney et al. 2023) as well as decreasing fragmentation (Roland 1993).
While my research did not show direct predation by ants on FTC, Despland and Lessard (2022) did
in the same system. Therefore, sylvicultural practices promoting the habitat of, especially, predatory
or generalist ants would provide further means of “biological control” for FTC outbreaks to stay
within bounds that the ecosystem can sustain. FTC often falls below the pest threshold justifying
treatments and thus does not necessarily meet the requirements for outright pest management such
as the use of Btk or bringing in pest control agents. Therefore, managing the ecosystem in a way
that generally promotes biodiversity both at the tree and insect level would be beneficial in
controlling FTC populations and those of other insect pests. These practices are also in line with

current sylvicultural practices.

Sylviculture refers to the “theory and practice of controlling the establishment and growth of trees
to satisfy specific objectives of landowners with forest stands serving as the main unit of
intervention” (Achim et al. 2022). By planting a wider variety of trees and supporting the understory
ecosystems, these practices can help prevent intense outbreaks and assure the resilience of the forest
stands to future outbreaks such as predicted ones for the FTC. Increasing tree species and diversity
lowers insect herbivory (Jactel and Brockerhoff 2007). Other maintenance silvicultural strategies
can also help maintain stand structure and species composition. While usual silvicultural practices

such as thinning do not reduce herbivory from forest defoliators (Muzika and Liebhold 2000), other
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practices such as reducing the abundance of host species as saplings can be helpful to limit their

spread (Vannatta, Hauer, and Schuettpelz 2012).

The importance of NPV in the mortality of FTC, especially at early-instars as found in Chapter 2,
is an interesting avenue for sylvicultural practices in the forest. Borrowing from the biocontrol
domain, the vulnerability of FTC to this pathogen could keep endemic populations at even lower
levels or cap the peak of FTC density during outbreaks by manipulating the spread of NPV. Since
it is a virus relatively specific to lepidopterans and with specificity for different species (Rohrmann
1986), it would not negatively impact the rest of the forest ecosystems. NPV, and other
baculoviruses, also have the particularity of surviving outside of a host for extended periods
(Volkman and Keddie 1990). They can also be cultivated in the lab (Slavicek, Podgwaite, and

Lanner-Herrera 1992), which could lead to use as a biocontrol agent.

Additionally, invasive species such as the spongy moth (Lymantria dispar) have also been seen to
be vulnerable to the pathogen (Woods and Elkinton 1987; Stiles et al. 1983). Spongy moth and FTC
share multiple responses to pathogens, including the NPV and bacterium B.t. (Bacillus

thuringiensis) (Kleiner et al. 1995).

Another factor to consider when managing forests susceptible to FTC outbreaks is the emergence
rates. Because of the overwintering nature of the FTC life cycle (Chapter 4), monitoring the hatch
rate of forest tent caterpillars throughout its distribution could help predict the course of the coming
outbreak. Since temperature can affect overwintering survival rates, development, dispersal,
reproduction, and phenology (Hansen and Bentz 2003), models predicting pest impact benefit from

adding temperatures throughout the life cycle (Bentz and Powell 2014) and can inform management
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actions. Emergence rate and a cursory look at some egg masses can help determine the level of
mortality and chilling injuries. Since those often correlate to poor maternal health, we could make
predictions for the coming season. A phenological mismatch could promote very high morality of
early-instar larvae with little to no damage to the trees. However, this prediction relies heavily upon
what is observed at the present moment and, as with anything related to climate change, is likely

temporary and subject to change in the coming years.

5.4 Future research

One of the limitations of Chapter 2 is the lack of results related to the vertical stratification of FTC
survival, especially in maple forests. While not for lack of trying, data was tough to obtain. This
was especially since we had to transplant egg masses up to the canopy, an arduous process in which
we were limited in the equipment we could bring and the degree of maneuverability. Therefore,
some egg masses may have been damaged in the transport. Due to starting the experiments a year
after the outbreak, we could only find a few wild FTC colonies in maple forests that were
completely unhatched. With another outbreak coming up shortly according to past models of
population cycles as well as observations through community science initiative such as iNaturalist,
collecting enough egg masses early in the season and putting them up before budburst would allow
us to answer questions that we have not been able to answer here. As shown in Fortin and Mauffette
(2002), vertical stratification impacts foliage quality, which can affect FTC survival greatly
(Lorenzetti, Mauffette, and Bauce 1999). Therefore, having the opportunity to know observed
survival in the canopy and quantify the survival of canopy vs understory colonies through their
entire life cycle would give us many more answers about the mechanisms of survival of the FTC

during and after an outbreak.
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Since canopy and habitat openness has been shown to have a large impact on the variation of ant
communities (Campbell and Crist 2017; Dalle Laste, Durigan, and Andersen 2019; Solar et al.
2016; Underwood and Fisher 2006; Yusah et al. 2018), future research could use more fine-scale
methods of characterizing habitat openness and structure to gain a better understanding of which
functional traits of ants are selected for in this case. Such methods could include using Landsat
Imagery to describe the habitat more thoroughly (openness, moisture, productivity, phenology)
(Oeser et al. 2020), quantifying habitable microclimates in the environment (Seibold et al. 2016)
and vegetation surveys. Future research comparing control with managed and disturbed unmanaged
sites would allow us to test the difference between natural and artificial disturbance to forest

ecosystems.

MacDonald et al. (2022) highlight in their study that multiple mechanisms that are present and
structure intraspecific genetic variation. The more populations were geographically separated, the
higher the genomic differentiation was. Differences in summer temperatures and length of growing
season are also correlated with genetic distance among individuals. Larval growth and survival have
been linked many times to spring temperatures (Levesque, Fortin, and Mauffette 2002; Wetzel,
Kulman, and Witter 1973; A. C. Hodson 1941; Raske 1975), and these temperature-associated traits
can be linked to larval emergence, cold tolerance, female resource allocation, and phenological
synchrony (Parry, Goyer, and Lenhard 2001; Uelmen, Lindroth, et al. 2016; Uelmen, Duman, et al.
2016; Lorimer 1979; Mattson Jr and Erickson 1978). Therefore, in future studies, monitoring
specific egg masses deposited in the wild could help us gather more data linked to emergence. We
also concluded that different populations could have been selected for certain traits that increase
their survival in their habitats. However, this has yet to be measured directly. With additional data

on phenological synchrony, analysis of the glycerol content and measures of female fitness before
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and after egg-laying would allow us to decipher the mechanisms better.

Additionally, genomic data could help understand the resilience of different populations to winter
temperature variations and potentially test for heredity of cold tolerance between the years. Finally,
since genomic differentiation is related to host association, this furthers the hypothesis of the
regional adaptation of these populations. Being able to get finer scale genomic data of the
populations present within each region (temperate and boreal forest) would allow us to 1) get more
evidence on the grouping of each region as a population (which we assumed due to results from

Cooke and Lorenzetti (2006) and 2) quantify intra population genetic variation.

5.5 Limitations

The reality of studying cycling populations is that you must catch them at the right time. While I,
unfortunately, started the first year after the outbreak, our options were limited, and much of the
data collected in the first summer could not be used. Because it is hard to predict exactly when the
outbreak will occur, I had to figure out other research questions that I expected at the start of my

program.

In Chapter 2, we initially aimed to study parasitism rates as well as the other groups we investigated.
However, due to high mortality rates overall, it was difficult to investigate parasitism since
caterpillars often died from other causes first. Additionally, unlike species like the spruce budworm,
it is near impossible to rear FTC in the lab and thus ensure that there are 1) no contaminants (even
with disinfection protocols) and 2) eggs from the egg masses are not already parasitized. We have
to source the egg masses from the wild. Synchronizing the hatching period and keeping egg masses

from hatching during transport is incredibly tricky.
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In Chapter 3, we illuminated some community-level patterns in ants emerging from forest tent
caterpillar outbreaks furthering research related to disturbances as drivers of changes in ant
communities. However, the mechanisms behind those remains uncertain. Manipulation
experiments using resource additions such as the ones used by Lessard et al. (2011) would greatly

help figure them out.

The method of automation developed for this project (Chapter 4) gave us more precision in
estimating overwintering mortality, bringing us one step closer to understanding the mechanisms
behind FTC population dynamics. There are, however, still some flaws to this method. It is hard to
identify the timing of mortality events since we only gather egg masses after winter. The
environment can weather egg masses or pharate larvae chewing them but subsequently dying before

completely emerging.

5.6 Conclusion

With forested ecosystems under mounting pressure, it is more important than ever to understand
the pest population dynamics that can further cause deleterious effects on these already endangered
ecosystems. Insect disturbances are ecologically important and can tell us a lot about how the

ecosystem is structured and how resilient it is.

However, predicting the future scenarios of insect pest disturbances is a herculean task. The use of
modelling tools has shown benefits in terms of the efficiency of sampling and control methods in
the past (Tobin et al. 2004) and has helped with predicting the distribution of these pests under

different climate change scenarios (Carroll et al. 2003; Régniere, Nealis, and Porter 2009). We must
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know how populations fluctuate to properly manage and mitigate the damage they cause (Cooke
and Lorenzetti 2006). Decision-making incorporating the stand and forest-level dynamics and their
impacts can help prioritize management areas (Sweeney et al. 2023). With different foci of FTC
outbreaks with differing host plants, the forest and stand-level dynamics are fundamental, as a

general management approach cannot account for the differing ecosystem dynamics.

The work presented in this thesis provides evidence of trophic interactions impacting the survival

of FTC colonies both during and after an outbreak. It contributes evidence related to FTC outbreaks

that can be used in these predictive models to manage the forests through a sustainable approach.
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