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Abstract

Intraspecific competition is ubiquitous in nature and can fundamentally shape the individual life
history. Competition occurs, and consequently influences life-history traits, through the direct effects of
interference and indirect effects of exploitation. Importantly, it is the relative contribution of these two
pathways that determines the overall impact of competition on life history. Since life history scales up to
explain population dynamics, understanding the competitive mechanisms is required when predicting the
impact of intraspecific competition on dynamics. However, current methods to identify the relative
importance of each pathway are exclusive to a few taxa which limits our understanding of the

consequences of competition.

In this thesis, | designed an approach to disentangling the role of interference versus exploitation
in shaping life-history traits. The approach complements lab experiments and mathematical modeling that
are applicable to a broad range of taxa. | demonstrated the approach with the smaller tea tortrix
(Adoxophyes honmai), a pest moth for which competition is suggested to govern its recurrent population
cycles in the field and in the lab. | found that competition in the moth is best characterized by a high level
of interference that results in mortality, suggesting aggressive interactions. Next, | investigated whether
temperature changes competition. Using the same approach across a temperature range, | found that
temperature has no major effect on the competitive mechanisms. Then, to understand why the moth
competes aggressively, | explored its cannibalistic behavior. Using a lab experiment, I showed that
individuals tend to cannibalize at a low rate which improves their fitness. Finally, | asked whether
insecticides alter the interference competition. Using lab experiments, | found that aggressive interactions

increase with sublethal doses of insecticide.

Overall, I showed how competition shapes the moth life history and how this can change with
environmental factors. These findings are essential for the proper embedding of competition into

population models to accurately predict the pest cycles. They also imply that insecticides, by altering



competition, can have substantial effects on dynamics. Lastly, the approach | developed to characterize
the competitive mechanisms can help other biological systems to predict the impact of competition on

population dynamics.
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Chapter 1

General Introduction

1.1 Research background and scope

1.1.1 Intraspecific competition shapes life history

Intraspecific competition is broadly defined as two or more individuals of the same species
competing for a resource, and is arguably one of the most influential biotic interactions that plant and
animal organisms can face during their lifetime (Klomp 1964, Lomnicki 1988, Begon et al. 1996).
Intraspecific competition is ubiquitous since members of the same species likely require the same
resource to survive, develop and reproduce. Competition is triggered when the resource, shared by
competitors, is limited in abundance or can be monopolized by individuals (e.g., when food is spatially
clumped) (Klomp 1964, Lomnicki 1988, Begon et al. 1996). It is well established that intraspecific
competition has negative effects on individual life histories. Importantly, the outcomes of competition on
individuals range between two extremes (Lomnicki 1988). The first extreme is where the resources are
equally shared among individuals which means competition is stressful for everybody. The other extreme
is where some individuals acquire more resources than others, and are not stressed at the cost of others
being stressed. For instance, when a squirrel builds up its winter stock with most of the food present in an
area, it consequently deprives neighboring squirrels from food and increases their probability of starving
to death in the winter. Since intraspecific competition is a strong determinant of the individual life history,
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it can substantially affect population dynamics and community structure (Begon et al. 1996, Murdoch et
al. 2003, de Roos and Persson 2013). Consequently, understanding how intraspecific competition shapes
life history is essential to develop a solid understanding of the role that intraspecific competition plays in

the ecology of species.

The large amount of research that looks at the effect of intraspecific competition on life history
reveals that competition can have a wide variety of effects (see Applebaum and Heifetz 1999, Ward et al.
2006 for reviews). In particular, competition can impact suites of life-history traits in different ways. For
instance, food competition in damselflies (Enallagma boreale) reduced body mass, and increased
mortality and development time (Anholt 1990), while food competition in caddisflies (Glossosoma
nigrior) reduced body mass but had no effect on mortality or development (Hart 1987). In other instances,
food competition accelerates development at the expense of body mass (Goulson and Cory 1995). Beside
impacting one or multiple traits, competition can also impact a specific trait in more than one way. For
example, mortality can increase with increasing competition either at steady rate, or slowly and then
rapidly, or rapidly and then slowly (e.g., Wilbur 1976, Bellows 1981, Quiring and McNeil 1984,
Lomnicki 1988). The great diversity of effects on life history is because competitive interactions can take
on a huge variety of forms (Klomp 1964, Begon et al. 1996, Applebaum and Heifetz 1999), and these
forms can vary with environmental conditions (abiotic and biotic factors) (e.g., Steinwascher 1979,

Anholt 1990, Bryant and Grant 1995).

The multifaceted nature of intraspecific competition makes it challenging for scientists to
understand why competition impacts some life-history traits and not others, or why competition shapes a
trait in a specific way. To explain, and consequently predict, the effect of competition on life history, we
first require knowledge of the competitive mechanisms occurring within a biological system. The
mechanisms of competition are the ways life-history traits are influenced by competition. However, it is

difficult to empirically study the mechanisms in real systems (Anholt 1990, Smallegange et al. 2006,



Scharf et al. 2008), which strongly limits our understanding of the effect of competition on life history.
The research in this thesis is devoted to developing methods to study intraspecific competition that are
applicable for a wider range of taxa. Specifically, it aims to provide empirical insight into the competitive
mechanisms for a study system, and how these are influenced by changes in the environment (temperature

and insecticide).

1.1.2 The call for understanding the mechanisms

Researchers have long been interested in understanding the consequences of intraspecific
competition on population dynamics. This popular research interest was set forth in the 1950s by
Nicholson who conducted the famous series of experiments on the sheep blowfly Lucilia cuprina
(Nicholson 1954). Nicholson’s experiments revealed that population cycles in the laboratory can be
induced by density-dependent processes, which occur when changes in the number of individuals depend
on the present or past population density (Nicholson 1954, Begon et al. 1996). Since then, our
understanding of how intraspecific competition affects population dynamics through density dependence

has been greatly improved on the theoretical front, with the development of mathematical models.

Some of the first mathematical models that include intraspecific competition are the logistic
model (Verhulst 1838), the Lotka Volterra competition model (Volterra 1926, Lotka 1932) and the Ricker
model (Ricker 1954). These models use a phenomenalistic description of density dependence to predict
population dynamics. Specifically, intraspecific competition is portrayed such that the per-capita birth and
death rates, combined in a single parameter named the per-capita growth rate of population, changes with
population density. However, predicting dynamics from the phenomenalistic description of density
dependence doesn’t help understand the link between life history processes and dynamics, if the
phenomenalization isn’t a good match for the biology of the studied organism (de Roos and Persson
2013). For example, these first models, by having the per-capita rates as an explicit function of population

density, ignore the fact that individuals compete for something in the environment such as food, territories



or mates (de Roos and Persson 2013). Moreover, these models assume that individuals in the population
are identical and consequently neglects individual variation such as the developmental state of individuals
which is known to affect the chances to give birth or die (de Roos and Persson 2013). Starting in the
1980’s, there was a move away from phenomenological approaches with the aim to add more biological

realism into population models.

Some early work on how to formulate more realistic modeling frameworks was done by Gurney,
Blyth and Nisbet (1980), who revisited May’s original models on Nicholson’s blowfly data (1973). Their
work was pioneering as it integrated some important life history information into a population model. In
particular, the authors introduced a model that allowed for development rates of juveniles to be also
dependent on population density. As such, their model accounted for the stage structure of the blowfly life
history, and simulated competition among juveniles for a limited food supply like in Nicholson’s
experiments. The authors not only did get cyclic dynamics from a more realistic description of life history
processes, but the dynamics were a better fit to the data than the previous model of May. Their work
initiated the development of mechanistic approaches, to explicitly model life history processes that

depend on the environment, in order to explain population dynamics.

A few years later, Gurney and Nisbet (1985) provided a great example on how to include the
mechanisms of intraspecific competition into population models, looking at the dynamics of the Indian
meal moth in the lab. The authors first built a physiologically-structured population (PSP) model to
account for the stage distribution of the interacting individuals, modeling the dynamics of larvae and
adults (Gurney and Nisbet 1985). PSP models allow one to account for how the physiological state of
individuals, such as the age, size or stage, determines both the impact of individuals on the environment,
and the impact of the environment on their vital rates (de Roos 1997). Then, Gurney and Nisbet (1985)
studied four plausible mechanisms of larval competition for food. Competition was modeled via a
negative relationship between per-capita feeding rate and competitor density which in turn impacted one

of the following vital rates: larval death rate, larval maturation time, pupal survival or adult fecundity.
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Their study beautifully shows that a direct impact of larval competition on vital rates, either through
larval death or through larval maturation time, scales up to explain the observed lab population cycles.
Most importantly, their work highlights the existence of a strong link between life history processes and

population dynamics.

Today, there is a great deal of theoretical work that integrates the mechanisms of intraspecific
competition into models to look at the consequences on population dynamics (e.g., Briggs et al. 2000,
Claessen et al. 2000, Murdoch et al. 2002, de Roos and Persson 2003, Nakamura et al. 2004, Persson and
De Roos 2006, Yamanaka et al. , de Roos and Persson 2013, Delong and Vasseur 2013, Le Bourlot et al.
2014, Pfaff et al. 2014). Importantly, these studies show that the way intraspecific competition impacts
the vital rates can fundamentally explain why some dynamics are cyclic but not others, why some
population cycles take one shape (period, amplitude, symmetry) rather than another, and most importantly
why some populations persist over time and others go extinct, which are all central questions in

population biology.

Despite our deep theoretical understanding on how intraspecific competition can drive dynamics,
through its impact on life histories, there remains a significant challenge: predicting population dynamics
for real biological systems. Often, the closest we get to understanding dynamics is by comparing
population census data from the field with simulated dynamics from mathematical models (e.g.,
Nakamura et al. 2004, Yamanaka et al. 2012, Gilioli et al. 2016). While this current approach doesn’t give
direct evidence of the underlying processes, it can be considered powerful to explain dynamics when the
organism’s biology is explicitly embedded into the models. Mathematical models can be parameterized
with the full life histories of laboratory organisms (Kendall et al. 1999, Briggs et al. 2000, Yamanaka et
al. 2012), because life-history characteristics are often easy to acquire in the lab. Then, to scale up
information from laboratory organisms to field population-patterns, we must consider how vital rates
respond to changes in the environment (Kendall et al. 1999, Amarasekare and Coutinho 2014). This is

especially important for ectothermic species because their metabolism and physiological processes
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depend more strongly on abiotic factors (Kingsolver and Huey 2008). Although the above approach
seems robust, discrepancies between predicted and observed dynamics are common, such as different
population cycle period or demographic characteristics (e.g., ratio juveniles to adults) (e.g., Briggs et al.

2000, Le Bourlot et al. 2014, Gilioli et al. 2016).

There are many possibilities for why it is difficult to predict dynamics of real-world populations.
One possible explanation is that model assumptions that are made about intraspecific competition differ
from real population biology. In fact, we commonly make assumptions about the real mechanisms of
competition for a system because we lack empirical evidence (Nelson et al. 2013, Le Bourlot et al. 2014,
Gilioli et al. 2016). Another possible explanation is that the mechanisms of competition could depend on
the environmental conditions which may not be incorporated into models. For instance, the effects of
competition on life histories can strongly differ with the size or stage distribution of competitors (e.g.,
Nelson et al. 2019), with the food conditions (e.qg., distribution in space and time) (e.g., Anholt 1990,
Bryant and Grant 1995), or with temperature (e.g., Nilsson-Ortman et al. 2014, Johnson et al. 2016). We
need to characterize the real competitive processes if we want to predict dynamics for natural systems,
since the way intraspecific competition impacts the vital rates can be determinant of population dynamics.
However, it is difficult to study the intraspecific competition in settings where the mechanisms can be
reasonably extrapolated from the individual level to the population level, and we need better approaches

to allow their characterization.

1.1.3 The competitive mechanisms

In order to study the real mechanisms of intraspecific competition, we first require a conceptual
framework that helps describe them. There are two sets of concepts that have fundamentally helped our
understanding of the mechanisms: the contest and scramble competition (Nicholson 1954, Lomnicki
1988) and the interference and exploitative competition (Park 1954, Miller 1967). Even though the two

paradigms are very different, they have been, and are still, very often interchanged in the scientific



literature (Toquenaga 1990). Below, | remind how the concepts differ and demonstrate that one of them is

better to use when describing the competitive mechanisms to predict dynamics.

Nicholson (1954) was first to introduce the concepts of contest and scramble competition. He
defined contest as the monopoly of resources from some competitors due to inequal competitive abilities
among individuals. Conversely, he defined scramble as the share of resources resulting from equal
competitive abilities among individuals. Since then, these concepts have been strongly developed by
Lomnicki (1988), who tied contest and scramble to different patterns of resource sharing. Contest means
that food intake rates of stronger competitors are independent of competitor density and therefore stay
near maximum. In contrast, contest also means that food intake rates of lower-ranked competitors are
impacted by competitor density. In the case of scramble competition, food intake rates of all competitors
depend on competitor density. However, contest and scramble competition are not always scaling up to
explain life history patterns. For example, resource sharing patterns may look like scramble, but the
competitive outcomes may look like the result of contest where only the strongest competitors survived
(Toquenaga 1990). This discrepancy between the individual-level mechanisms and the outcomes is
because competition can impact life histories through other ways than a decrease in food intake. For
example, a fight can increase the mortality or metabolic rates of competitors from increased movements
and injuries (Zhang et al. 2015). Consequently, contest and scramble competition don’t reflect all the

competitive interactions that individuals can face.

The interference and exploitative competition are more appropriate to use when describing the
mechanisms of competition than contest and scramble competition, because they are pathways of
competition, not patterns, and because they cover a greater variety of competitive forms. Exploitative
competition is the indirect pathway of competition and occurs when an individual eats food that could
have been eaten by other individuals, provided that food is limited in abundance (Figure 1.1) (Park 1954,
Anholt 1990). It can be illustrated by a group of giraffes eating the few reachable leaves at the top of an

acacia tree. This pathway is indirect because competing individuals impact each other through the food.
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As individuals exploit the food, they reduce its availability and subsequently decrease competitors’ food
intake, which in turn may result in slower development, lower fecundity or even death if food intake isn’t

enough to maintain body requirements (Petren and Case 1996, Persson and De Roos 2006).

Interference competition is the direct pathway of competition and occurs when a competitor takes
action to prevent others from acquiring food, and therefore can occur when food isn’t limiting (Park 1954,
Miller 1967). From its name, we think that interference competition involves direct physical interactions
such as competitors displaying aggressive behavior (e.g., Quiring and McNeil 1984), stealing food or
even engaging in fights (e.g., Smallegange et al. 2006). But interference competition can also be less
severe and occurs through passive actions such as through the gathering or hiding of food, the release of
chemicals (e.g., Steinwascher) or the avoidance of competitors (e.g., Vahl et al. 2005a). Interference
competition encompasses many different competitor-competitor interactions that can have various effects
on vital rates, but all these effects are direct. For example, physical interactions often lead to higher
movement rate and body maintenance (e.g., to repair body injuries, respiration) resulting in higher energy
demands (Quiring and McNeil 1984, Zhang et al. 2015). Even in the case of food monopolization,
interference competition directly impacts other competitors’ foraging efficiency (Smallegange et al.
2006). While the two pathways of competition strongly differ in their ways of impacting vital rates, they
are often suggested to occur together, to varying extents, within many biological systems (DeLong and

Vasseur 2011, 2013).

The distinction between the two pathways is important when scaling up the impact of competition
to predict population dynamics (Figure 1.1). Generally, interference is the direct effects of competition on
individuals while exploitation is the indirect effects of competition, through the resource, on individuals.
Specifically, in a theoretical framework, interference means the vital rates respond directly to competitor
density while exploitation means the vital rates are explicit functions of resource density. The fact that
one competitive pathway is tightly linked to the resource and the other is not, suggests there may be some

important differences in their predicted dynamics (Murdoch et al. 2002, de Roos and Persson 2003,
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DeLong and Vasseur 2011, Le Bourlot et al. 2014). For instance, Murdoch et al. (2002) showed that
strong coupling between the consumer population and the resource population often produced long-
duration population cycles, with periods greater that 4 times the generation time of the organism (i.e.
consumer-resource cycles). Weak coupling, which is thought to appear in consumer populations that
primarily act by themselves, however, often produced short-duration population cycles and are given the
name of single-species cycles. The authors identified two kinds of single-species cycles that they named
the single-generation cycles, cycles with periods of 1 to 2 generation times, and the delayed-feedback
cycles, cycles with period of 2 to 4 generation times (Murdoch et al. 2002). Both kinds of single-species
cycles can arise from the impact of intraspecific interactions on the vital rates. However, single-
generation cycles are thought to be generated from an instantaneous impact of competition on the vital
rates, while delayed-generation cycles are thought to be generated from an impact of competition on vital
rates of subsequent life-stages (Gurney and Nisbet 1985, Knell 1998, Murdoch et al. 2003, de Roos and
Persson 2013, Pfaff et al. 2014). Because the two competitive pathways can have various effects on vital
rates (Applebaum and Heifetz 1999, Ward et al. 2006) and theory predicts that functional dependencies
can have substantial consequences on dynamics, it is essential to know the real mechanisms of
competition when predicting dynamics. Specifically, since exploitative and interference commonly occur
together (DeLong and Vasseur), it is crucial to identify their relative role in shaping vital rates to best

integrate competition in population models.

1.1.4 Studying the mechanisms in experiments

Assessing how interference versus exploitative competition influences life histories is challenging
for most biological systems. Direct observations in nature can help identify the behavioral processes that
underlie interference competition. However, a major challenge when studying competition in natural
settings is that we often lack knowledge about both the life-history traits of individuals and the
competitive environment (e.g., food quantity), two essential components to the study of competition

(Nelson et al. 2019). Experimental settings can help resolve these issues as they allow the measurement of
9



individual traits while controlling or manipulating the competitive environment. Yet, it is not
straightforward to identify how the two competitive pathways shape life histories using experiments. For
example, assessing how life-history traits respond to increasing competitor density doesn’t inform about
the mechanisms but simply displays the outcome of competition (Lomnicki 1988, Toguenaga 1990).
While it is possible to rebuild the competitive mechanisms from life-history outcomes for systems where
competition is extreme (either fully exploitative or severe interference) (e.g., Quiring and McNeil 1984),
it is challenging for most systems where both exploitative and interference occur (Anholt 1990,

Toquenaga 1990, DeLong and Vasseur 2011).

Because it is hard to study the mechanisms of competition from life-history experiments, research
has primarily used data from short-term experimental studies (e.g., one-minute trials in Vahl et al. 2005b).
These short-term studies help evaluate how competition impacts feeding rates (e.g., Skalski and Gilliam
2001, Smallegange et al. 2006, DeLong and Vasseur 2011, 2013), time allocation to activities, encounter
rates or behavioral traits (e.g., Walde and Davies 1984, Peckarsky 1991, Vahl et al. 2005b), which
provides a mechanistic basis of competition. However, short-term traits capture only a glimpse of the
impact of competition on individuals and may be weak substitutes for full life-time traits (Nelson et al.

2019).

While it is difficult to get direct empirical evidence of the competitive mechanisms, one
experimental approach can be used to disentangle the effects of interference from exploitative
competition, but it comes with challenges. The approach consists in excluding one pathway of
competition, either the interference among competitors or the exploitation of food, while studying the
other. For example, interference competition can be excluded by isolating competitors from each other to
remove the behavioral interactions (Peckarsky 1991). But in order to keep exploitative competition
happening, isolated individuals must still share food. This was beautifully done by Smith (1990) who put
aquatic larvae of the salamander Ambystoma opacum in a pond and separated them using mesh to allow

cladocerans (their prey) to move freely between competitors. However, for most study systems, it is
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experimentally difficult to isolate individuals while having them share the same food. Inversely,
exploitative competition can be eliminated in experiments by stopping the depletion of food resource
(suggested by Hart 1987, Anholt 1990, Peckarsky 1991). Smallegange et al (2006) was first to study
interference competition in the absence of food depletion by replenishing instantaneously every food item
that had been consumed by competitors, in a crab-bivalve system. Later, Maszczyk et al. (2014)
replicated the experimental design in a roach-daphnia system. However, the replenishment of food has
two constraints. The first is that food eaten by consumers needs to be easy to measure and quick to handle
for replacements, such as single small food items. The second is that food replacements can be done for a
short amount of time but probably not throughout the entire lifetime of individuals. Taken together, the
general approach used to get empirical evidence on the competitive mechanisms only works for a few

biological systems.

1.2 Thesis objectives and outline

Numerous theoretical studies suggest that resource competition, among individuals of the same
population, is a strong regulator of dynamics for both the consumer and the resource populations (de Roos
and Persson 2013). Competition specifically occurs, and can be embedded into population models,
through two distinct pathways, long known as the exploitative and the interference competition. It is the
importance of one relative to the other expressed within a system that determines the overall impact of
competition on life-history traits, and subsequently on population dynamics. However, there are very few
empirical studies that have been able to disentangle the two pathways of competition and measure the role
of each in shaping life histories. The issue is that, in experimental settings, it is difficult to prevent one
pathway of competition while studying the other. As a consequence, we currently lack accurate portrayal
of the real mechanisms of competition required for thorough theoretical work that looks at the

consequences of intraspecific competition on population dynamics.
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The core work of this thesis is in Chapter 2 where | develop a new approach to draw inference
about the most likely mechanism of competition occurring within a system. The approach integrates life-
history experiments with model predictions. Since the work is presented in manuscript form, it is
presented as a single chapter in my thesis. However, the research comprises two separate pieces of work
that are integrated together; one experimental and one mathematical. Much of the experimental work is
presented as an appendix (Appendix A) to keep the manuscript a reasonable length. However, in a
traditional format, the experimental and mathematical pieces would be individual thesis chapters. In more
detail, I compare model predictions under different scenarios of competition with life-history data from
laboratory experiments to give inference on the competitive scenario that best explains the experimental
data. The different scenarios represent different combinations of pathways of competition (exploitation
and different types of interference) embedded into a consumer-resource model. One strength of this
approach is that the model is optimized to simulate the biology of the system without competition. This is
done by fitting model parameters to life-history data of individuals reared without competitors under

various food amounts.

In Chapter 2, | demonstrate this new approach working with the smaller tea tortrix, for which
intraspecific competition is predicted to be a main driver of population dynamics in the field and in the
lab. I test two hypotheses suggested by previous studies (Yamanaka et al. 2012, Nelson et al. 2013,
Nelson et al. 2019). The first is that competition occurs among larvae via interference rather than via
exploitative competition. The second is that interference competition is stronger at warmer temperatures
(Nelson et al. 2013, Amarasekare and Coutinho 2014). | predict that if competition occurs mostly through
strong interference (e.g., food monopolization, aggressive behavior, cannibalism), competition should
impact survivorship before any other life-history traits. However, if competition occurs mainly through
food exploitation, | predict competition should impact development and or reproduction before
survivorship. Importantly, | provide a framework for studying not only to which extent interference

relative to exploitation plays a role within a system, but also the way that each pathways impact life-
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history traits. I believe this new framework opens doors for biological systems where experiments alone

cannot disentangle the pathways of competition.

Chapter 3 is a manuscript based on the work of Jenna Simpson. Jenna Simpson was a honour’s
thesis student I mentored. | was strongly involved with the conception and implementation of Jenna’s
thesis and led the writing of this manuscript. In Chapter 3, we study the impact of cannibalism on the
moth life history to improve our understanding of the individual interactions in the smaller tea tortrix.
Cannibalism is observed in the lab and in the field where larvae consume other larvae or pupae. However,
we yet don’t know the occurrence rate of cannibalism in the system, and most importantly, why it occurs
in a species that is herbivorous. We predict that if cannibalism is present and persists in the smaller tea
tortrix, it is because there is some fitness advantage to being cannibal. In a lab experiment, we assess the
occurrence rate of cannibalism by measuring larval ingestion rate of plant versus dead competitors. Then,
in the same experiment, we collect life-history data across different diets to study the direct effect of

cannibalism on fitness.

In Chapter 4, | explore whether the competitive mechanisms can change when individuals are
exposed to insecticides. Insecticides are used extensively to kill the moth (in the larval stage) and prevent
outbreaks in the fields (Nelson et al. 2013). However, the moth is developing resistance to insecticides
and because of this (Uchiyama et al. 2013, Uchiyama and Ozawa 2014, 2015), larvae are increasingly
exposed to doses that are to them sublethal (doses that cause no significant number of deaths). There is
strong evidence that sublethal doses can impact life histories directly (through the organismal functions)
(Desneux et al. 2007), but it is yet poorly understood whether insecticide impacts life histories indirectly
through a change in individual interactions. | test the hypothesis that sublethal doses of spinosad, a
neurotoxic bio-insecticide, reduces the interference competition in the moth. I conduct a laboratory
experiment in which | expose individuals to different levels of competitor density or food amount, with or
without sublethal doses of spinosad, and record life history features. | predict that if insecticide reduces

interference competition that the impact of interference on life-history traits will be smaller than without
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insecticide. From another experiment, | test whether individual mobility changes with insecticide

exposure to give some mechanistic understanding to why insecticide may alter competition.

Beside the manuscript chapters, | present some work | did during the PhD in the appendices.
Some of which has greatly contributed to the development of the smaller tea tortrix as a laboratory
system. Appendix D is a rearing protocol that prevents the stock populations from fluctuating in
numbers. Appendix E is an experimental investigation on the effects of sugar and water on adult
longevity and fecundity. Lastly, the work in Appendix F assessed the daily ingestion rate of larvae across
instars and temperatures from short-term experiments, which was required for the design of the

experiments in Chapter 2 and Chapter 4.

1.3 The smaller tea tortrix

1.3.1 The field dynamics

The smaller tea tortrix Adoxophyes honmai (Yasuda) (Lepidotera: Tortricidae) is a small moth (2
cm wingspan) with a short life span (7 weeks) that infests plantations of tea, Camellia sinensis, in central
and southern regions of Japan and Korea (Sakamaki and Hayakawa 2004, Lee et al. 2006). Larvae can be
found in great numbers on tea crops, damaging the leaves (Tamaki 1991). Specifically, larvae make silk
nests and feed on leaves which drastically reduces the tea market value. Farmers and researchers,
concerned about the substantial economic loss from infestations, have censused adult moth populations
with light traps for control purposes (e.g., timing of insecticide applications), and this over more than 60
years (Yamanaka et al. 2012). Long-time census data reveal two types of cycles each year: an annual
cycle that occurs from March to November with four to five intra-annual cycles superimposed on it
(Figure 1.2). Remarkably, densities of adult moths can peak up to 4000 folds higher than densities at
troughs (Nelson et al. 2013). The moth is a multivoltine species: it goes through four to five generations

each year. The last generation overwinters in the larval stage, without diapause, and makes up the first

14



peak of adults in the following spring (Nelson et al. 2013).

1.3.2 Natural history

Although the moth has been reported to infest tea plantations since the 1950’s (Park et al. 2008),
the smaller tea tortrix was first identified as a new species in Japan by Yasuda about twenty years ago
(1998). The quite recent species identification is due to the high morphological resemblance to a closely
related species, the summer fruit tortrix, Adoxophyes orana (Yasuda 1998, Byun et al. 2012). The summer
fruit tortrix is present throughout Eurasia and North America and differs from the smaller tea tortrix as it
is a major pest of apples, pears and stone fruits (Park et al. 2008). Today, the two species can be
differentiated using thorough morphological, molecular and pheromone analyses (Sakamaki and

Hayakawa 2004, Park et al. 2008, Byun et al. 2012).

Despite its name, the smaller tea tortrix is thought to feed on multiple plant species other than tea
plants. Scientific reports, that were published before the species identification by Yasuda (1991), state
that larvae can feed on more than forty plant species (Tamaki 1966, Tamaki 1991). The moth thrives in
tea monocultures because the large plantations provide abundant food resources and host few natural
predators. Bats, birds and slugs (e.g., Lehmannia valentiana) that predate on the moth are found in fewer
numbers in conventional cultures than in organic cultures, from the lack of refuges such as trees and high
grass between rows of tea shrubs (Kawai 1997, Hazarika et al. 2009, Kosugi 2011). Likewise, many
arthropod predators and parasitoid wasps of the moth, the most common being Ascogaster reticulata
(Braconidae) and Apanteles adoxophyesi (Braconidae) (Kosugi 2011, Ozawa 2011), are seen in lower
numbers due to the intensive use of chemicals to fight tea pests (Nakai 2009). The smaller tea tortrix is a
main pest of tea leaves together with two other species: the Oriental tea tortrix moth, Homona
magnanima, and the tea leaf roller, Caloptilia theivora (Kawai 1997, Nakai 2009). While the three moth
species feed on leaves and have been reported to occur together on plants, there isn’t any knowledge of

interspecific competition (Tamaki 1991, Nabeta et al. 2005). Beside the biological interactions mentioned
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above, the moth is exposed to changes in the environment. The moth lives in temperate climates with
temperatures that fluctuate from 23 °C in summer to 5 °C in winter (Nelson et al. 2013). Tea plants are
perennial and evergreen shrubs which means they keep their foliage throughout winter and provide
habitat for overwintering moth populations (Kawai 1997, Nakai 2009). Nevertheless, shrubs can be

pruned in winter and young leaves are harvested a few times a year (Hazarika et al. 2009).

Farmers are trying to control infestations in order to reduce pest damages that can lead up to 55%
loss in yield per year (Hazarika et al. 2009, Handique and Roy 2020). Integrated pest management (IPM)
approaches are available for the smaller tea tortrix. IPM approaches primarily use biocontrol technigques
along with insecticides at low levels. Biocontrol techniques are the manual collection of pupae, the
plucking of leaves (Kawai 1997), the use of light traps (Yamanaka et al. 2012), sex pheromones (Tabata
et al. 2007), parasitoids, viruses (Nakai 2009), and Bacillus thurengiensis (Nelson et al. 2013). However,
while IPM approaches are increasingly considered, the use of insecticides alone stays the most common
approach to reduce the tea pest numbers. That is because insecticides act quicker, are easier and cheaper
to use than biocontrol techniques (Nakai 2009, Handique and Roy 2020). The overuse of insecticides and
the rapid evolution of insecticide resistance (e.g., Tebufenozide, diamide, Insect Growth Regulator)
(Uchiyama et al. 2013, Uchiyama and Ozawa 2014, 2015) are stressing the need for minimizing

insecticide use by better understanding their effects.

1.3.3 A complex life cycle

The smaller tea tortrix can complete its life cycle in the tea plantations (Tamaki 1991). Its life
cycle is complex with four distinct life stages (i.e. holometabolic insect): egg, larva, pupa and adult
(Figure 1.2). Because the moth is an ectothermic animal, its vital rates, and consequently its life
characteristics, strongly depend on temperature (Nabeta et al. 2005). In the summer, when daily
temperature averages 23 °C, adult moths (15-20 mm wingspan) live about two weeks. They are most

active at two-day old and can fly up to five kilometers in one night to reproduce (Shirai and Kosugi
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2000). Females release sex pheromones to attract males for mating (Tamaki et al. 1971). Once mated,
females lay most of their eggs in the first half of their adult lifetime, with a total average of 200 eggs.
Eggs are laid underneath leaves in clutches of 20 to 200 individuals and take a week to develop. Larvae of
one-millimeter long hatch from the eggs and disperse to young leaves. Larvae use silk to bring leaves
together and can make nests alone or with other newborns (Nabeta et al. 2005). Larvae spend 15 to 20
days feeding on leaves from the inside of the nests. Even though adults can feed on nectar, it is in the
larval stage that individuals consume most food to store energy for later life features such as
metamorphosis, adult fecundity and longevity. As a consequence, competition for food is suggested to be
the most prominent in the larval stage. To grow bigger in size, larvae molt through five instars. Larger
larvae (fifth instars) are two-centimeter long and 600 times heavier than newborns. Large larvae molt to
form pupae, sometimes within silk cocoons, inside or outside the nest. Metamorphosis is completed in a
week. The moth life span is about 45 days and its generation time (i.e. time between two generations) is

about 36 days.

1.3.4 The driving forces of dynamics

Some interesting features of the tea tortrix population dynamics have helped understand the
nature of its recurrent intra-annual cycles. First, Nelson et al. (2013) showed that the dynamics become
cyclic and that cycle amplitude increases proportionally with temperature past a critical temperature
threshold of 15 °C in the spring. They also showed the dynamics become stable when temperatures fall
below 19.7 °C in the fall. Subsequently, the authors suggested that biological processes maintaining the
cycles strongly depend on temperature. Second, the recurrent cycles are with periods of roughly one
generation (period of about 40 days), which means that they are by definition single-generation cycles
(Murdoch et al. 2002, Yamanaka et al. 2012, Nelson et al. 2013). At last, the moth populations show no
overlapping of their generations with a high degree of developmental synchrony, such that most
individuals present at a given time belong to the same developmental stage (Knell 1998, Bjernstad et al.

2016). As a consequence, the strong developmental synchrony leads to consecutive single-generation
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cycles in each life stage. For instance, when adults are peaking in abundance, other stages are mostly
absent from the environment. And then, when adult abundance is crashing, neonates (newborn larvae) are

starting to peak in abundance, while other life stages are unlikely present.

Developmental synchrony and the single-generation cycles are suggested to emerge in the spring
from seasonal changes in life-history traits (Yamanaka et al. 2012, Nelson et al. 2013, Bjgrnstad et al.
2016). In particular, winter temperatures lead to different mortality rates for different life stages such that
all life stages die in the colder months but one (Nelson et al. 2013). Inside their silk cocoons, large larvae

are the only individuals that survive the winter.

Many species that undergo multiple generations per year (multivoltine) and experience
developmental synchronization at the onset of the growing season, show the smearing of generations
though time where several life stages become present at once (Bjgrnstad et al. 2016). Generation
smearing is the result of individual variation in life-history traits and developmental plasticity induced by
microgeographic heterogeneity (Yamanaka et al. 2012). While generation smearing can be expected in
the smaller tea tortrix, it doesn’t occur and the single-generation cycles persist through the summer and
fall. This means there is some mechanism responsible for maintaining developmental synchrony in the
system that may be correcting for individual variation in life-history traits (Nelson et al. 2013, Bjgrnstad

et al. 2016).

A few biological processes are suggested to explain the persistent stage synchronization and
single-generation cycles in the moth. Yamanaka et al. (2012) built a series of stage-structured population
models including some of the biological mechanisms general theory predicts to generate recurrent single-
generation cycles. The proposed mechanisms are a short reproductive life span, Allee effect due to mate-
finding limitation, competition among larvae (since it is in the larval stage that individuals feed the most),
and interaction with a parasitoid wasp (of the same generation time). The authors compared predicted
model dynamics with field dynamics. They found that both a short reproduction time and larval

competition most parsimoniously explain the recurrent single-generation cycles in the summer and fall.
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Subsequently, Bjgrnstad et al. (2016) used mathematical theory to explain the developmental synchrony
in the smaller tea tortrix and showed generation smearing is expected to occur after three generations in
the absence of intraspecific competition. Competition is suggested to inhibit generation smearing where a
group of large larvae outcompetes and suppresses any group of newborn larvae. It is once the group of
large larvae matures out of the environment that a new group of larvae will be able to grow, which leads

to subsequent peaks in adult abundance.

Lab studies support the suggestion from theoretical work, that larval competition regulates the
moth dynamics. Outstandingly, in controlled lab settings, the moth generates recurrent single-generation
cycles (observations by W. A. Nelson unpublished). Figure 1.2 D shows the two-year dynamics of a lab
population that was reared with food supply renewed every second day. The fact that field dynamics are
reproduced in the lab without interspecific interactions and human influences (insecticides, harvesting of
leaves), suggests a strong link between biological processes, that are internal to the moth population, and
the cyclic dynamics. Although we cannot exclude the possibility that external sources could induce the
single-generation cycles, we can imply that life-history characteristics and intraspecific competition are

key determinant of the moth single-generation cycles in the field and in the lab.

While both lab and theoretical studies suggest intraspecific competition governs the smaller tea
tortrix dynamics, the underlying mechanisms are far from being understood. Previous theoretical studies
that predicted the moth dynamics modelled competition without empirical assessment (e.g., Yamanaka et
al. 2012, Nelson et al. 2013). Based on intuitive sense, the impact of competition on individuals has been
embedded into mathematical models as a direct density-dependent effect on larval mortality. Yet, we
don’t know how larval competition impacts the moth life history. From observations in the field and in
the lab, we know the smaller tea tortrix larvae can strongly interact with each other. However, these
interactions can impact life history through mortality and through other ways. The tea tortrix larvae can
bite and prey on defenseless conspecifics such as small larvae, molting larvae, or fresh new pupae (i.e.

cannibalism). Larvae can monopolize food with silk (leaves in the field; plant-based paste in the lab).
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Overall, experimental studies will be required to further our understanding of how competition impacts

the moth life history, to best explain and predict the moth single-generation cycles.
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Figure 1.1 Graphical representation of exploitative (dashed red lines) and interference competition (solid

red lines). A. Individuals can compete through food exploitation and through direct individual

interactions. B. Competitors impact each other directly via interference and indirectly via the resource

exploitation. C. The two pathways of competition impact life histories which in turn determines
population dynamics.
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Figure 1.2 The smaller tea tortrix’s life cycle (B) and population dynamics in the field (A and C) and in
the lab (D). Field counts of adults from light traps at Kagoshima Tea Experiment Station in Japan (Chiran
township, 31 °22°N, 130 °26’E) are shown across 25 years (A) and within a year (C) (reproduced from
Nelson et al. 2013). Field dynamics reveal four to five population cycles on the top of a general annual
cycle for each year. Laboratory counts of larvae from experimental populations (D), reveal very distinct
and recurrent cycles in each of instars (thinner line are the first instars; wider line is the fifth instars).

Food competition occurs in the larval stage since it is the primary feeding stage (B).
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Chapter 2
An integrated experimental and mathematical approach to inferring the

relative strength of interference and exploitative competition

Barbara Joncour, William A. Nelson, Damie Pak and Ottar N. Bjgrnstad
Formatted for Functional Ecology

(under review)

2.1 Abstract

e Intraspecific competition incorporates indirect effects from exploitation and direct effects through
interference. ldentifying the relative importance of those two pathways for life-history traits is crucial
to accurately predict the impact of competition on population dynamics. However, their
disentanglement is challenging for most biological systems and will require multi-pronged
approaches that go beyond traditional experiments.

o Here we propose an approach to clarify the role of each competitive pathway by combining
mathematical modeling with two experiments. A consumer-resource model is used to predict life-
history traits and demography with increasing competition under different scenarios of competition.
The first experiment is designed to assess how vital rates respond to changes in food abundance,
which is used to parameterize the model. Model predictions are compared with data from the second
experiment that raises individuals under a range of competitor density settings. We demonstrate the

approach using the tortricid moth Adoxophyes honmai for which we investigated four scenarios of
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competition across a range of temperature. The scenarios included exploitation and three mechanisms
of interference acting directly on mortality, on energy availability through changes in ingestion or
activity, and on both.

Our model predicts that interference through energy gives similar life-history patterns as resource
exploitation, first impacting development and then survivorship. Life-history outcomes are predicted
to strongly differ when interference acts primarily through mortality, where development is barely
impacted by competition. Those drastic differences are hypothesized to be caused by deadly
interactions that relax exploitative competition.

The combination of experiments and mathematical modelling reveals that competition in tea tortrix is
best explained by a high level of interference that acts on mortality, such as cannibalism or deadly
bites, along with some level of interference that acts on energy, such as mild interactions and
blocking access to food. Interestingly, temperature is not found to alter the main competitive
processes even though colder results in higher level of interference through energy.

While current approaches can identify the mechanism of intraspecific competition in a small number

of taxa, the approach we introduce here is applicable to a much wider range of biological systems.

2.2 Introduction

The nature of intraspecific competition varies tremendously across taxa (Polis 1988), but its

mechanisms can be broadly categorized as interference versus exploitative competition (Park 1954,

Klomp 1964). Interference competition takes place when individuals directly interact with each other for

a common resource (Vahl et al. 2005b, Smallegange et al. 2006). For instance, individuals can

monopolize resources by displaying aggressive behavior (Smallegange et al. 2006), releasing chemicals

(Steinwascher 1978), or engage in cannibalism (Quiring and McNeil 1984, Hopper et al. 1996). Such

direct interactions can occur even when resources are not limited (Klomp 1964, Anholt 1990).
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Exploitative competition occurs whenever resources are limited and individuals interact indirectly by
depleting available resources (Hart 1987, Anholt 1990, Vahl et al. 2005b). Both exploitative and
interference competition shape the life history of individuals and dynamics of populations (Klomp 1964,

Le Bourlot et al. 2014, Zhang et al. 2015).

Exploitative and interference competition impact organism’s vital rates in a variety of ways. For
example, if we consider competition for food, exploitative competition primarily reduces per-capita
foraging rates (Quiring and McNeil 1984, Vahl et al. 2005b), which in-turn often negatively impact
development and birth rates before reducing survival rates (Petren and Case 1996, Persson and De Roos
2006). In contrast, interference competition has more variable consequences for vital rates because it can
take many different forms. For example, food access can be guarded by conspecifics, which lowers
foraging efficiency of other competitors (Smallegange et al. 2006), whereas time devoted to individual
interactions can decrease foraging time (Metcalfe 1986, Vahl et al. 2005b, Zhang et al. 2015). Physical
encounters can increase movements or lead to injuries that increase metabolic demands and or even death
(Quiring and McNeil 1984, Zhang et al. 2015). Hence, interference competition, through its various
impacts on foraging, metabolic and survival rates, can affect birth, development and survival rates in a
multitude of ways. Because exploitation and interference competition commonly occur together, we must
understand the relative importance of each in shaping life histories in order to understand how

intraspecific competition scales up to influence population dynamics.

Experimentally disentangling the effects of interference competition from exploitation on life
history has proven difficult. The reason is that both types of competition do not function independently.
Any change in the intensity or type of interference competition, such as changes in behavioral
interactions, can simultaneously change exploitative competition and vice versa (Hart 1987, Vahl et al.
2005b, DelLong and Vasseur 2011). For example, an increase of consumer density under a fixed level of
resource will increase the amount of exploitative competition but can also lead to an increase in the

frequency of competitor interactions resulting in an increase in interference competition. The empirical
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approach used to disentangle the two types of competition is to try to control one while manipulating the
other one. Exploitative competition can be excluded by preventing food depletion via instantaneous
replenishment of any consumed food (Smallegange et al. 2006, Maszczyk et al. 2014), and interference
competition can be excluded by isolating consumers from each other but allowing them to share the same
resource (Smith 1990). However, such experimental techniques are only feasible where resources are
easily measurable and amenable to manipulation, or where resources can move freely between isolated
competitors (e.g., aquatic systems). As a result, experimental approaches used to disentangle interference
versus exploitative competition work only for a handful of biological systems, and only by looking at

their extremes.

Here we propose an approach that combines mathematical modeling with experimentation to
disentangle the impact of interference and exploitative competition on individuals and populations of the
smaller tea tortrix (Adoxophyes honmai, Lepidopteran: Yasuda). We believe the proposed scientific
protocol is applicable to a wider range of biological systems to understand competition and augment
purely experimental approaches. Our approach uses a consumer-resource cohort model in combination
with two experiments— one that characterizes the responses of life-history traits and demography to
changes in resource density, and one that characterizes the response of life-history traits and demography
to changes in consumer density. The former, that we name the food experiment, provides the information
necessary to estimate the food-dependence in vital rates to build the model. The latter, that we name the
competition experiment, allows for both exploitative and interference competition in various sized cohorts
of consumers. The consumer-resource cohort model allows us to evaluate the impact of exploitative
competition on both life-history traits and demography. By systematically evaluating different
hypothesized types and intensities of interference competition, we can compare the model predictions
against the observed life-history traits and demography with data from the competition experiment. This
comparison allows us to infer the relative strength of interference versus exploitive competition in

shaping life-history traits, as well as their functional dependencies.
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We demonstrate this approach using the smaller tea tortrix model system. The moth exhibits four
to five population cycles each year in Japan and previous theoretical work suggests that intraspecific
competition in the larval stage is likely the main driving force for these intra-annual cycles (Yamanaka et
al. 2012, Nelson et al. 2013). Interference competition between larvae has been observed such as larvae
securing resources with silk covers, biting each other and engaging in cannibalism (Simpson et al. 2018),
but the extent of those behavioral interactions is unknown. Recent experimental work reveals that the
probability to survive the larval stage decreases with increasing competition (i.e. increasing competitor
density) while larval-development time and size at maturation are barely impacted (Nelson et al. 2019).
The fact that larvae are aggressive and die with increasing food competition suggests that interference
competition plays some role in shaping life histories and dynamics. Our combined approach of
experiments and modelling solves the problem of food manipulation from existing approaches and allows
inference about the relative importance of the two pathways of competition to properly characterize the
drivers of population dynamics. We further investigate the mechanisms of intraspecific competition at
three temperatures, as temperature is a strong determinant of the moth life histories (Nabeta et al. 2005,
Régniére et al. 2012) and warmer temperatures are predicted to increase intraspecific competition in

ectotherms (Amarasekare and Coutinho 2014, Johnson et al. 2016).

2.3 Material and Methods

2.3.1 Study species

The smaller tea tortrix is a lepidopteron pest of tea plantations with a geographic range that spans
from central to southern Japan (Tamaki 1991). The life cycle goes through four stages: egg, larva, pupa
and adult. Larva goes through five instar stages. Feeding primarily occurs during the larval stage where
the larva acquires food for development and survival, and for reproduction as an adult. The stock

population was imported in 2013 to Queen’s University, Kingston, Canada, and comes from laboratory
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stocks in Kagoshima Prefecture, Japan. The stocks were maintained at 22 °C (x2 °C) with 80% relative
humidity and a L:D 14:10 photoperiod. Larvae were fed an artificial plant-based diet designed for

silkworms (SilkMate 2M; Nihon Nosan-Kogyo Co. Ltd.) for both stock and experiments.

2.3.2 Study design

We first built a consumer-resource cohort model to predict life-history traits and demography in

function of competitor density under different scenarios of competition.

We then ran two experiments: the food experiment and the competition experiment. In the food
experiment, we monitored life histories of individuals that developed isolated under differing food
abundance. We used life-history traits from the food experiment to parameterize the consumer-resource
model (Appendix A: Figure A.1). In the competition experiment, we monitored life histories of
individuals that developed in cohorts of conspecifics across a range of conspecific densities (Figure A.1).
Because food supply was the same for all cohorts of various size, changes in competitor density

corresponded to changes in the overall intensity of competition, both exploitative and interference.

We statistically compared model predictions with life-history traits and demography from the
competition experiment to disentangle the mechanisms of competition most likely to have shaped life

histories of the smaller tea tortrix.

2.3.3 Cohort model
We used a cohort model to infer the most likely competitive processes shaping life-history traits
and demography of the tea tortrix. The model simulates a cohort of newly hatched larvae L that interact
with each other and with the food resource R until they mature out of the larval stage. The model is a
physiologically-structured consumer-resource model (de Roos and Persson 2013) that tracks the number
of larvae in different mass classes through time. The cohort is initialized with hatchlings into the smallest
mass class mg (in milligrams) that exit either through death or pupation if they gain sufficient body mass

my. At the start, all larvae are assumed to enter the mg class without further recruitment of individuals over
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time to match the setup of the competition experiment. Larvae are assumed to develop through k sub-
stages where each sub-stage j represents a gain in body mass of m¢k in milligrams. Formulating the model
in this way results in a Gamma distribution of development times which reflects the biology of the tea

tortrix (Nelson et al. 2019).

The cohort model takes the following structure

aL; —(knG.R) +d(iR L)L, j=1

1 — =
ST kh( = LRy — (khG,R) + d(,RL))L;,  j>1

k
dR -

(2) —=B(L)- » I(j,R)L; —0.25R
dt ; ]

where L; is the number of larvae in substage j, L is the vector of all the larvae in the cohort, and R is the

resource abundance at time t. The development rate h(j, R) and the mortality rate d(j, R, L) depend on
body mass, the resource environment, and potentially the interactions with other larvae (Tables 2.1 and

2.2). Following the competition experiment, resource dynamics have a semi-chemostat structure with

replenishment rate B(Z) either constant or dependent on the number of larvae (Table 2.1).

The link between the vital rates and the resource dynamics is through a net production model
(Kooijman 2010) (Table 2.1). Ingestion I(j,R) is modeled as a type Il functional response with a
maximum ingestion rate Ii(j) that scales with body mass. Development rate is determined by the net
production n(j, R, Z), which is the balance of ingestion and maintenance and is potentially impacted by
interactions with other larvae (Table 2.1). Survival rate is also determined by the net production, where
starvation occurs if acquired energy through ingestion doesn’t fulfill maintenance demands. Formalizing
the model in this way means that smaller individuals are better at developing and surviving than bigger
individuals when food is scarce, but bigger consumers have access to more food and are better at

developing and surviving when food is plentiful.
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We developed five versions of the model (Table 2.2). The first mimics larvae growing in isolation
to allow for parameterization from the food experiment. The second includes exploitative competition
where larvae only interact through the resource. The remaining versions include exploitative competition
and three alternative hypotheses for how interference competition impacts vital rates. These hypotheses
are based on laboratory observations. We observed larvae securing food by guarding the entrance of a
shelter made with silk which suggested interference competition can act on food intake rate. We saw
larvae escaping from or biting conspecifics and witnessed biting marks on bodies, which can impact
metabolism rate. Both impacts on metabolism and food intake rates can be translated as a cost in net
energy production rate (Kooijman 2010). Finally, cannibalism was observed which leads us to believe
that interference competition can act on mortality rate. Therefore, we tested for whether interference

competition impacts mortality rate, net energy production rate, and both together.

The model that mimics larvae growing in isolation is achieved by assuming the amount of food
provided to the system responds to the number of larvae alive in the cohort. As such, larvae that leave the
system through development or death do not free up resources for the remaining larvae. Exploitative
competition is indirect through the resource and impacts both development and survival. Interference
competition impacts directly mortality or/and development and mortality through energy. In the model,
interference competition is assumed to occur symmetrically because competitors within a cohort will have
relatively similar body mass and thus face the same density-dependency in vital rates. Nelson et al (2019)
shows empirical evidence for asymmetric interactions where density-dependency in life-history traits
depends on the recipient’s size and on the competitors’ size. We therefore also tested for any potential
effect of the structure (symmetric vs asymmetric) of the interference interactions on the model outcomes.
We described in Appendix A.3.2 how asymmetric competition is embedded in the model. All numerical

analyses of the model were done using the R library package PBSddesolve (Couture-Beil et al. 2013).

2.3.4 Food and competition experiments
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The two experiments were run simultaneously from February through July 2017 at 16, 22 and 28
°C. The food experiment matches the model version where larvae are growing in isolation under varying
food abundance and comprised 11 food treatments from 100% to 5% of per-capita maximum daily
amount required (determined below). The competition experiment comprised 10 density treatments from
10 to 100 larvae and a constant food level (100% of per-capita maximum daily amount required for 10
individuals). The competition experiment was replicated 8 times and ran in 9 0z (266 mL) transparent
cups while the food experiment was replicated 16 times and ran in 0.875 o0z (25.9 mL) transparent vials.
The larger replication for the food experiment was done to provide roughly 8 statistical replicates for each
sex (50:50 sex ratio), which matches the replication of the competition experiment. To start the
experiments, we randomly selected newly hatched larvae from the stock culture and used a total of 13,728

larvae.

For both experiments, the following life-history data were recorded for larvae that survived to
become pupae: larval development time, pupa body mass using a microbalance (Mettler To Mettler
Toledo, Xp2U Ultra-microbalance, £1g), sex and total number of laid eggs from mated females using a
dissecting microscope. Demographic data was collected every day at 28 °C, every two days at 22 °C and
every four days at 16 °C (intervals are determined from how development scales with temperature; Figure
A.2). Specifically, in the food experiment, we recorded the larval instar for each larva and whether all
food supplied was eaten. In the competition experiment, we recorded the number of larvae in each instar

for cohorts from two replicates in the 20, 50 and 90 density treatments because of logistical constraints.

Food amounts were based on the maximum daily-food amount required for fifth-instar larvae,
because fifth-instar larvae ingest more food in a day than smaller instars (see Appendix A.1.1 for methods
and Table A.1 for food amounts). Food amounts were adjusted with temperature treatment based on
different development time with temperature (Figure A.2). In the experiments, food was placed in the
center of each dish and replaced every 4 days. Prior to replacing food, all feces and silk were removed

from dishes.
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2.3.5 Model parameterization

All model parameters were fitted separately for each temperature treatment and are shown in
Table 2.3 for 22 °C and in Table A.8 for 16 and 28 °C. To replicate the food dynamics from the
experiment in the cohort model, the resource recruitment rate, 3, was fitted to the food amount given
every day to a cohort of larvae in the competition experiment (dry mass). All other parameters were
estimated independently of the competition experiment. Eight parameters were directly fitted from

empirical data (see Appendix A.3.1).

We then used the version of the cohort model without competition (Table 2.2) and two life-
history traits from the food experiment to fit three unknown parameters: the inflection point for realized
ingestion rate in function of resource, 8, the conversion coefficient from ingested food to usable energy, &,
and the conversion coefficient from body mass to maintenance rate, ¢ (Table 2.3). The two life-history
traits that we used from the food experiment are the larval survivorship (both sexes) and female
development rate in function of food abundance. That is because the model predicts traits only for larvae
since it simulates cohorts of individuals that develop through the larval stage. Since background mortality
isn’t accounted in the cohort model, we removed all larvae that died in the first two days of the
experiment from the empirical data (10-15% dead newborn at each food treatment). We then made the
cohort model reproduce the two empirical life-history traits using maximum likelihood estimates
embedded into an optimization routine to optimize the fitting of parameters. The maximum likelihood
estimates were the least sum of squared predicted mean traits with empirical mean traits for each food
treatment. We used the function nmkb() from the package dfoptim to run the optimization routine
(Varadhan and Borchers 2016). We show the best matching predicted to empirical traits in Figure 2.1 at
22 °C and in Figure A.9 at 16 °C and 28 °C. Once the parameters were fitted using the model without
competition, we predicted demography for groups of isolated larvae under differing food abundance and

compared predictions with demography from the food experiment to assess the quality of the model.
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Interference competition is embedded in the cohort model through a daily impact on mortality
rate, 8p, and a daily impact on net production rate, g, (Tables 2.2 and 2.3). We predicted larval
survivorship and development rate in function of increasing competitor density for various 6, and gp
(Figure A.10). 6, was either 0.00010, 0.0050, 0.0100 or 0.0191, where the upper limit was estimated for
the smaller tea tortrix by Nelson et al. (2019), and g, was either 0.0001, 0.0040, 0.0080 or 0.0100. We
chose to fix 6, to 0.0100 and gp, to 0.0080 for our analyses since these coefficients allow predictions that
best match life-history traits from the competition experiment. We used the same coefficients for

interference across the three temperature treatments (Table A.8).

2.3.6 Evaluation of hypothesized scenarios of competition

We studied two main life-history traits for each model version of competition: the larval
survivorship and the larval development rate. The model predictions were done along a competitor
density ranging from 10 to 100 larvae, which aligns with the density treatments of the competition
experiment. We compared model predictions with life-history traits from the competition experiment
using maximum likelihood estimates to clarify what competitive processes best explain the two traits of

the smaller tea tortrix across temperatures.

We also predicted demography for cohorts of 20, 50 and 90 larvae for each model version of
competition. The cohort model allowed to retrieve numbers of individuals in each larval instar for a
cohort of competitors through time. We then transformed predicted demography and empirical
demography into probability distributions and compared the distributions using Kullbak-Leibler
divergence (KLD) to infer the competitive scenario that best explains demography in the system. We used
the R library package entropy to estimate KLD (Hausser and Strimmer 2014). We show the average KLD
across cohort densities (20, 50, 90 larvae) for two experimental replicates across temperatures (Appendix

A: Figure A.7).
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2.4 Results

To simplify the presentation, we only show the modelling and experimental results for life-history

data at 22 °C. Modelling and experimental results for 16 and 28 °C can be found in the Appendix A.

2.4.1 Model predictions

We parameterized the cohort model in the absence of competition using the empirically derived
life-history traits as a function of food abundance from the food experiment. The parameterized model
does a good job of capturing the changes in empirical traits and demography from manipulations of food
abundance (Figures 2.1 and 2.2). When food abundance was decreased to 40% relative to the baseline,
developmental rates decreased slightly while the probability of survival remained high (Figure 2.1). When
food abundance was reduced below 40%, development rate rapidly decreased yet without discernible
impact on survivorship. Under 10% food abundance, survivorship drops sharply. Demographics show that
larvae take more time to develop under lower food supply (Figure 2.2). The model predicts that very low

food supply (5%) results in death of all late instars (e.qg., fifth instars), as observed in the food experiment.

We incorporated four possible competitive pathways to the model to predict how competition
may impact life-history data: exploitative, exploitative and interference through mortality, exploitative

and interference through energetics, exploitative and interference through mortality and energetics.

Exploitative competition is predicted to have no impact on survivorship while strongly decreasing
developmental rates until food limitation is high enough to cause survivorship to drop (Figure 2.3). The
model predicts similar patterns when interference through energy is added to exploitative competition,
though interference through energy impacts development and survivorship more than exploitative
competition. Development rate is predicted to decrease 2-fold with 50 larvae with interference through
energy and exploitation compared to with 100 larvae with exploitation alone. Survivorship is predicted to
sharply decrease with 40 larvae or more with interference through energy compared to with 70 larvae or

more with exploitative competition. Interestingly, with increasing exploitation or with increasing
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interference through energy, survivorship reaches a plateau and then drops again while development rate
keeps decreasing and ultimately reaches a plateau. Those results are partly shown in figures as they are
for when the level of competition is increased beyond what was used in the competition experiment. In
contrast, interference through mortality is predicted to strongly decrease survivorship from the smallest
competitor density, of 10 larvae, while impacting development only slightly. Finally, the model predicts
that interference through mortality and energy strongly decreases survivorship at the same magnitude as
interference through mortality and decreases development rate slightly more than interference through

mortality.

Our model formulation further allowed us to predict cohort demographics in the face of each type
of competition (Figure 2.4). With increasing exploitation, distributions get wider specifically for late-
larval instars, which reflect how competition is predicted to widen late-larval instars’ development time.
The number of larvae that leave cohorts with 20 or 50 larvae mirrors the number of larvae that becomes
pupae as individuals leave the cohort through maturation and not death. With competitor density of 90
larvae, larvae that haven’t pupated die from ageing. With interference through energy, increasing
competition predicts similar distributions than with exploitation but death from ageing occurs in cohorts
of 50 or 90 larvae. With interference competition acting on mortality, increasing competition has no
impact on the width of the distributions reflecting how this pathway is predicted to have no impact on
development; the number of larvae dying out of the cohort is predicted to increase with increasing
competition with most deaths occurring in the early stage of the cohort when the larvae are in their second
or third instars. This pattern in death is also predicted for interference through mortality and energy but in

this case increasing competition also widens the development time distributions.

2.4.2 Experimental results

Considering the four model versions of competition, we statistically evaluated the match of

predicted life-history traits and demography to observations from the competition experiment. We found
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that interference on mortality explains most of the overall empirical data seen across temperatures
(Figures 2.3, 2.4, A11-Al4 and Tables 2.4 and A10). The detailed analyses show that interference on
mortality best explains patterns in development at 22 and 28 °C and demographics across temperatures. In
the absence of interference through mortality, the model predicts outcomes that do not match the ones
seen in the experiment. Interference on mortality seems to be a key ingredient in explaining the life
history patterns seen in the competition experiment. Adding interference through energy gives better
matching data than with interference on mortality alone specifically at colder temperature. Specifically,
interference through mortality and energy best explains all patterns of survivorship across temperatures
and patterns of development and some of the demographics at 16 °C. But overall, competition through
energetics alone, either through interference or through resource exploitation, does not produce life

histories that match experimental patterns.

We tested for an effect of asymmetric interactions for which the impact of interference
competition would depend on the recipient’s and its competitors’ body size. We found that asymmetric
interactions give qualitatively similar results than symmetric interactions (Figures A.15 and A16, Tables
2.3 and A10); interference competition on mortality best explains the smaller tea tortrix life histories and
while interference through energy may be a factor, it alone cannot explain the outcomes of life history.
Asymmetric interactions give better matching life-history traits and demographics than symmetric

interactions at 22 °C (Table 2.4) but this is less clear at 16 and 28 °C (Table A.10).

2.5 Discussion

Assessing the relative role of interference competition to the one of exploitative competition in
shaping individual life histories is challenging for most biological systems (Hart 1987, Anholt 1990,
Triplet et al. 1999, Smallegange et al. 2006, Scharf et al. 2008). Here, we propose an approach to identify
the relative role of the two pathways of competition on life-history patterns that we believe is applicable
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to a large range of organisms. Our approach combines a mathematical model with two experimental
protocols. The food experiment provides parameters for the baseline consumer-resource model. The
model is then used to predict life-history traits and demography with increasing competition, under
various scenarios of competition. The competition experiment provides empirical measures that can be
compared with model predictions to ascertain the most parsimonious competitive profile for the study

system.

We used the smaller tea tortrix as a model organism as larvae compete for food but the
mechanisms of intraspecific competition are unknown (Yamanaka et al. 2012, Nelson et al. 2013). The
consumer-resource cohort model does an excellent job of capturing the effects of food shortage on larvae
in the food experiment, when there is no competition, even capturing details about instar-specific
demography. Larvae take more time to develop with food shortage, die from starvation when food supply
is too low and larger/older instars are impacted by food shortage before smaller/younger instars.
Optimizing the model to reproduce at most the biology of the study organism without competition makes
the strength of this approach. We then embedded exploitative and interference competition into the
model. Interference competition in the smaller tea tortrix was represented by either mild encounters and
physical barriers built by conspecifics, or by aggressive encounters that result in death of conspecifics.
These are two forms of direct competitive interactions that have been observed among tea tortrix larvae,

but their relative importance in shaping the moth life histories is unknown.

Our model predicts that exploitative competition gives similar life-history patterns as interference
competition involving mild encounters and physical barriers. Competition is found to impact development
but not survivorship when the level of competition is low. When the level of competition is increased,
competition is predicted to cause survivorship to rapidly decrease. Even though exploitative and
interference competition act differently on competitors, they shape life histories in similar ways because
they both ultimately impact competitors” energy flow. Energy intake is decreased when food availability

is reduced from exploitation (Hart 1987) or when feeding time and food access are reduced from
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interference (Vahl et al. 2005b, Smallegange et al. 2006), and energy costs are increased from injuries or
when movements for escaping and fighting are increased (Zhang et al. 2015). The net production model
states that lower energy reserve increases development time if energy requirements for body maintenance
can be met but results in death if requirements cannot be met (Kooijman 2010), which explains the similar
life-history patterns from both mechanisms of competition. Surprisingly, comes a certain range of
increasing competition where competition stops impacting survivorship and development. The effects of
competition are invisible at those levels of competition because competition impacts development of the
weakest competitors that ultimately die as they reach the end of their lifespan. However, exploitative and
interference competition differ in the timing of action on energetics where the former acts with a delay
through the resources and the later acts instantaneously. Our model predicts this difference in functional
dependency to have subsequent consequences on life-history patterns, with interference competition
having a stronger impact on development and survivorship than exploitative competition. The model
therefore allows the disentanglement between competition that acts directly or indirectly on energetics
and can be used to detect whether intraspecific competition occurs via exploitation or via mild direct

interactions among competitors.

Life-history patterns change drastically when competition involves aggressive interactions among
competitors. As opposed to strongly weakening growth and development, competition that involves direct
death of competitors from interference has some minor impacts on survivors. Under this scenario of
competition, the strength of interference competition is so high that competition results in a contest type
where only the strongest competitors survive with a minimum impact of competition on their fitness
(Lomnicki 1988). Our model demonstrates what many studies have previously suggested (Klomp 1964,
Hart 1987, Anholt 1990, Vahl et al. 2005b, Zhang et al. 2015). The mechanism involved with strong
interference competition, that is the removal of competitors through the killings, releases the impact of
exploitative competition on survivors by freeing up resources. Larvae could also engage in cannibalism

and ingest conspecifics, a high-protein food source, which would in turn result in faster development
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(Simpson et al. 2018). The model shows the same for mild interference competition which relaxes with

the introduction of deadly interactions.

Our results reveal that life-history outcomes in A. honmai are best characterized by competition
that involves strong aggressive interactions, during which larvae kill each other, along with some mild
interference competition that impairs energetics. The approach that we used here clearly demonstrates that
strong interference competition is the primary type of competition in the system responsible for shaping
life-history patterns. Mild interference competition, which can be translated as any other larval
interactions that don’t result in direct death, is of some importance too, but isn’t as important as the
deadly interactions for shaping life-history outcomes in the system as mild interactions alone cannot
explain the observed life histories. With the food supply rate used in the experiment, exploitative
competition is found to be very weak, perhaps even nonexistent compared to the high level of interference
competition. Overall, the results are in accordance with what we suggested from observations that strong

interference competition is the predominant driver of competition in the system.

The change in demographics over time reveals that the effects of intraspecific competition are
stronger on smaller/younger tea tortrix larvae than on larger/older ones. The model suggests that the
size/stage differences in competitive effects are mostly due to the strength of interference competition
being density dependent, where interference is the strongest early on in the formation of a group of
competitors when density is the highest and larvae are small/young. Surprisingly, symmetric competition,
where interference impacts equally larvae of various size/stage, is enough to explain the outcomes of
competition and generate contest competition. Asymmetric competition, where larger/older is better than
smaller/younger under interference, improves the explanations only by a little. Even though asymmetry
was found to occur among tea tortrix larvae by Nelson et al. (2019), asymmetry isn’t found to have major
repercussions on the life-history outcomes in our study, probably because competition is investigated here
for groups of same-age competitors which limits the size/stage variation among individuals and therefore

the potential for asymmetric competition. Nevertheless, the importance of interference competition is
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enforced by the fact that competition in tea tortrix has opposite effects on the size/stage structure than
exploitative competition where smaller/younger are less impacted than larger/older larvae. The fact that
larger individuals are impacted before smaller ones when food availability is reduced is explained from
the allometric scaling theory that states an increase in body size leads to an increase in metabolic costs at

a higher rate than energy intake rate from feeding (Metcalfe 1986, Kooijman 2010).

Surprisingly, we found that temperature has no impact on the dominant form of competition
which goes against expectations. Two theoretical mechanisms were identified by Amarasekare and
Coutinho (2014) by which intraspecific competition in ectotherms responds to temperature. Under the
metabolic scaling theory, the strength of competition is thought to increase monotonically with
temperature due to higher activity levels. Empirical studies on roach (Maszczyk et al. 2014) and ground
beetles (Lang et al. 2012) found that increased movement speed and therefore encounter rates at warmer
temperature leads to stronger interference competition. The second theory is the ecological theory and
suggests the strength of competition to reach its peak at optimal temperature for reproduction where the
demand for resources is the greatest (Amarasekare and Coutinho 2014), thought to occur in the bordered
plant bug (Johnson et al. 2016) and in the collembola (Mallard et al. 2020). In A. honmai, we found no
variation in the strength of interference competition involving aggressive interactions across temperature
(16, 22 and 28 °C). This result is interesting as it contradicts theory that predicts an increase in the
competition level with temperature at least up to the optimal temperature for reproduction which is found
around 20 °C in the tea tortrix (Nabeta et al. 2005). Mallard et al. (2020) found similar results in the
collembola where the strength of competition on individual growth rate and body length didn’t change
with temperature slightly below and above (11 to 26 °C) the optimal temperature for reproduction (16 and
21 °C). The authors suggested the effects of temperature on competition to be invisible on those life-
history traits but probably present on other traits, which could explain the absence of temperature effects

in our study.
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However, there was a trend that interference through energy tended to be more significant at
colder temperature, but this was a relatively small change. We propose two explanations for this
phenomenon. The first is that larvae suffer more from mild interactions at colder temperature because
injuries take more time to heal than at warmer temperature (Anderson and Roberts 1975), which makes
the cost of an injury higher when temperature is colder. The second is that the occurrence of mild
interactions depends on the level of aggressive interactions. Aggressive interactions could be less intense
(reduced aggression) and less frequent at colder temperature, due to lower need in resource intake (Lang
et al. 2012, Amarasekare and Coutinho 2014, Maszczyk et al. 2014), decreasing the killings of
competitors and leaving room for mild interactions. This second explanation doesn’t illustrate well what
occurs in the tea tortrix as aggressive interactions remain high at cold temperature. Overall, more research
is needed to improve our understanding of the temperature effects on the mechanisms of intraspecific

competition.

The approach that we demonstrate here identifies the mechanisms of intraspecific competition for
biological systems where it is difficult to experimentally separate indirect from direct interactions. This is
a crucial information to understand the consequences of intraspecific competition on population
dynamics. Specifically, it is the distinction between the way exploitative and interference competition
impact individuals and their vital rates that is essential for predicting how population dynamics respond to
competition. Interference competition results in an instantaneous response of the vital rates to consumer
density (e.g., per-capita birth rate depends on consumer density) (Zhang et al. 2015), whereas exploitative
competition typically translates to a delayed response of the vital rates to consumer density via a depletion
of resources (e.g., per-capita birth rate is an explicit function of resource density) (Persson and De Roos
2006, Le Bourlot et al. 2014). Importantly, these differences in functional dependence imply differences
in the structure of population growth that have been predicted by mathematical models to impact
population dynamics (de Roos and Persson 2013, Le Bourlot et al. 2014, Zhang et al. 2015). For example,

de Roos and Persson (2013) used a size-structured consumer-resource model to show that a shift from
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delayed feedback through resources to direct consumer-density dependence would cause population
cycles to disappear. By studying the functional dependencies for each type of competition and identifying
the impact on life history, it is possible to appropriately embed competition in population models. Using
our approach, we were able to characterize the functional responses for the tea tortrix and found
competition to be primarily driven by direct consumer-density dependence on mortality rate which
supports the assumptions made by previous theoretical studies that predicted the tea pest dynamics
(‘YYamanaka et al. 2012, Nelson et al. 2013, Bjgrnstad et al. 2016, Nelson et al. 2019). The approach that
we propose to differentiate the relative role of the two pathways of intraspecific competition is revealing
as it overcomes current experimental challenges by combining a set of paired experiments with
mathematical modeling. We believe that this approach can help other biological systems to make
inference about the mechanism of intraspecific competition, when experiments alone could not do the job,

which will help predict the consequences of intraspecific competition on population dynamics.
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Figure 2.1 Larval survivorship and development rate in function of food abundance for isolated larvae at
22 °C. Dashed lines are mean traits from the fit model and circles are empirical data for survivorship and

female mean development rate.
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Figure 2.2 Demographics from the food experiment and model predictions without competition at 22 °C as a function of food abundance. Both

females and males are in the observed demographics while only females are in the predicted ones.
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Figure 2.3 Mean life-history traits from the competition experiment and model predictions with competition at 22 °C. The four model versions of
competition are ranked from best to least (left to right) in their ability to explain the empirical data. Interference competition is symmetric in the

model. Shaded areas show predicted cohort variation (£ 2SD) around mean development rate.
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Figure 2.4 Demographics from the competition experiment and model predictions for cohorts of 20, 50 and 90 larvae at 22 °C. The four model
versions of competition are ranked from best to least (left to right) in their ability to explain empirical distributions. Interference competition is

symmetric in the model. Legend for colors representing life stages is in Figure 2.2.
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Table 2.1 List of functions that define ingestion, net energy production and development. All rates

presented here are specific to body-mass. See Appendix A.3. and Tables 2.3 and A.8 for notation.

Functions

Descriptions

L.() R
1G.R) = e(+])R

NG, R) = e1G,R)-c(3) my

(O nG,R)<0

R
h(j,R) = 4 ho nG.R)>0& "(’b ) < ho
L"O;;R) nG,R) >0 & "(’;R) > hy
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Ingestion rate

Maximum ingestion rate

Net production rate

Development rate



Table 2.2 Versions of the model that transition from no larval interactions through to exploitative plus interference competition. Interference

competition is symmetric among larvae of different size.

) - Rates
Model versions of competition .
Food supply Mortality Energy
k
. . . N 1 L
No competition (isolation) B(L) = Z’il B
0 .
, 6 n(j,R)<O0
d(jj,R) =4{"R ’
G.R) { 0 otherwise
Exploitative
. n(j,R) =n(,R)

(

Exploitative & interference S =
_ aGRD)={

on mortality

| ép Z L otherwise
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Table 2.3 List of model parameters with their default values at 22 °C.

Parameter = Default value Unit Description Source
Resource
B 575.3 mg.day? | Resource recruitment rate Competition experiment
Consumer
k 70 . Total number of larval sub-stages Experimental data
0 746.3 mg Inflection point for realized ingestion rate in function of resource density Fit to food experiment
lo 62.5 mg.day? = Maximum ingestion rate for heaviest larvae Experimental data
¢ 3.3 . Half saturation point for maximum ingestion rate in function of body mass = Experimental data
mg 0.03 mg Mean initial larval body mass Experimental data
my 285 mg Mean final larval body mass gain for females Experimental data
€ 0.17 _ Conversion coefficient from ingested food to usable energy Fit to food experiment
c 0.017 . Conversion coefficient from body mass to maintenance rate Fit to food experiment
tmax 43 day Maximum female development time Experimental data
ho 0.023 day? Minimum daily female development rate Experimental data
O 1.06 day? Daily mortality rate for starvation Experimental data
ép 0.001 day? Daily impact on mortality rate from interference competition Varied
9o 0.008 day? Daily impact on net production rate from interference competition Varied
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Table 2.4 Comparing life-history data from the competition experiment with model predictions at 22 °C . Bold numbers are the best competitive

scenarios explaining empirical data.

Life-history traits Demaographics
) » Maximum likekihood estimate Kullback-Leibler Divergence
Model versions of competition
Survivorship Development Replicate 1 Replicate 2

Asymmetric 0.26
Exploitative and interference on mortality

Symmetric 0.50 0.008 0.33 0.13
Exploitative and interference on mortality and Asymmetric - B e Ui
energy Symmetric 0.39 0.026 0.55 0.35
Exploitative 191 0.031 1.23 0.80
Exploitative and interference on energy 1.33 0.044 1.64 1.22



Chapter 3

Low levels of cannibalism increase fitness in an herbivorous tortrix moth

Jenna Simpson, Barbara Joncour and William A. Nelson
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72, 25 (2018)

3.1 Abstract

Cannibalism is relatively common in herbivorous insects, but studies looking at life-history traits
on conspecific versus plant diets reveal a mix of outcomes. In some taxa, fitness is highest on a
conspecific diet, but in others, fitness is highest on a plant diet. Identifying factors that maintain the
cannibalistic feeding strategy has been complicated by the interaction between the direct effect of
consuming conspecifics and the indirect effect of releasing future competition. Here, we isolate and study
the direct fitness consequences of consuming conspecifics in the tea tortrix (Adoxophyes honmai) by
comparing a flexible choice diet against three fixed-composition diets (0, 50, and 100% conspecific).
While overall rates of cannibalism were low in the flexible choice treatment (17%), these cannibalistic
individuals ingested a greater amount of resources than any other treatment. Increased ingestion is
strongly correlated with greater pupae mass suggesting that these trait changes are a relatively

straightforward consequence of resource acquisition. In contrast, development time was only weakly
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correlated with ingestion suggesting a more complex relationship with resource quantity and quality.
Interestingly, individuals feeding on either pure conspecific or pure plant diet revealed a trade-off
between pupae mass and development rate, whereas the trade-off disappeared for individuals consuming
mixed diets. Combining all life-history traits, fitness was maximal on the flexible choice diet compared to
all three fixed-composition diets. Our manipulations reveal that only low levels of cannibalism confer a
direct fitness advantage. The direct fitness benefit likely emerges from the balance of ingestion rate and

nutritional value for each food type.

3.2 Introduction

Cannibalism was traditionally seen as a behavioral abnormality and, as a result, was largely
neglected as a viable feeding strategy until the 1970s (Chapman et al. 1999a, Richardson et al. 2010).
Over the past several decades, however, we have discovered that cannibalism is a taxonomically
widespread feeding strategy that can be induced by environmental factors such as high population density
and low food availability (Kakimoto et al. 2003, Michaud 2003, Richardson et al. 2010, Vijendravarma et
al. 2013). The consumption of conspecifics is particularly common in predatory arthropods where it is
considered a natural extension of their diet due to the fact they possess the physical and physiological
adaptations for killing and consuming live prey. However, cannibalism is also widespread in non-
carnivorous feeding guilds. A recent review reports that 130 species of herbivorous arthropods have been
the subject of research into cannibalism (Richardson et al. 2010). While the number and diversity of
species reported speaks to the widespread nature of the feeding strategy, it is thought to underrepresent
the actual number of species where cannibalism exists because the data is from case studies rather than
systematic surveys (Richardson et al. 2010). The regular incidence of cannibalism in herbivore taxa
suggests that cannibalistic behavior is better understood as an adaptive feeding strategy rather than a

behavioral abnormality.
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The occurrence of cannibalism in herbivorous insects has the potential to provide insight into the
mechanisms that maintain the feeding strategy because it can be studied across a range of species. Of the
130 studies of non-carnivorous arthropods reported in Richardson et al. (2010), 43 looked at some aspect
of individual fitness. Interestingly, the conclusions reached by researchers about the fitness consequences
of a cannibalistic feeding strategy are quite diverse (Snyder et al. 2000, Richardson et al. 2010). In some
species, cannibals significantly outperform herbivores with respect to life-history traits relating to fitness.
For example, caddisflies who supplemented their detritus diet with conspecifics had shorter development
times and earlier emergence dates than those who relied exclusively on detritus (Wissinger et al. 2004). In
other species, plant diets outperform cannibalistic diets. For example, cannibalistic individuals of
Drosophila melanogaster have half the fecundity of herbivores, which is a significantly poorer life-
history outcome (Vijendravarma et al. 2013). Similarly, corn earworm individuals that were cannibalistic
took six times longer to reach adulthood than their herbivore counterparts (Vergara et al. 2016). An
interesting example is the fall armyworm, which shows a complex trade-off between life-history traits.
Cannibalistic individuals of this species had lower pupae weights, which correlates with reduced fitness,
but faster development times, which correlates with increased fitness (Chapman et al. 1999b). The trade-
off in the armyworm means that while cannibalism has a strong effect on individual life-history traits, the
traits mostly canceled each other out resulting in a net fitness effect that is similar to herbivorous
individuals (Chapman et al. 1999b).The evidence that cannibalistic feeding strategies result in a diversity
of life-history consequences among species of herbivorous insects is now quite strong; however, the

mechanisms that lead to this in fitness outcomes are still poorly understood.

Some of the complexity in observed fitness can be understood by considering the benefits and
costs of cannibalistic feeding strategies in greater detail. A major fitness cost is the risk of injury or death,
which is a significant additional danger for herbivores whose other food sources pose little to no direct
threat (Michaud 2003). In ladybird beetles, for example, the risk of death increases when individuals

choose to consume aphids over pollen and again when they choose conspecifics over aphids (Dixon 2000,
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Michaud 2003). Cannibalistic individuals are also at a greater risk of contracting a virus or pathogen than
carnivores because disease transmission rates are often higher between members of the same species
(Pfennig et al. 1998, Chapman et al. 2000). In terms of fitness benefits, cannibalistic individuals benefit
from the killing and consumption of conspecifics in two ways. The first is by direct benefits whereby a
cannibal immediately gains nutrients or energy from eating a conspecific (Simpson et al. 2006,
Vijendravarma et al. 2013). The increase in resources may subsequently increase developmental, survival,
or reproductive rates (Chapman et al. 1999a). The second way is through indirect benefits, which is the
release of competition from the removal of conspecifics (Michaud 2003). The elimination of competitors
can free up territory or food resources causing an indirect increase in resource acquisition. Having both
direct and indirect pathways for fitness benefits increases the challenge of disentangling the mechanisms
that maintain cannibalism across a wide range of taxa, particularly as elimination of competitors by

cannibalism may in fact lead to increased herbivory.

Current empirical approaches used to study cannibalism make it difficult to disentangle the
mechanisms of how cannibalism impacts fitness because most do not separate fitness costs from benefits
or do not separate indirect from direct fitness benefits (e.g., Wissinger et al. 2004, Heinen and Abdella
2005, Rojht et al. 2009, Wissinger et al. 2010, Vijendravarma et al. 2013). One approach is to study
cannibalism using individuals in isolation where the cost of cannibalism is eliminated by either providing
killed conspecifics or individuals at harmless stages (e.g., Yasuda and Ohnuma 1999, Michaud 2003,
Crossland et al. 2011, Santana et al. 2011). While the method is relatively uncommon in the literature, it
is well suited for disentangling direct from indirect fitness benefits under mixed feeding strategies.
However, most previous studies considered only two treatment levels at the extremes of pure cannibalism
and pure herbivory (e.g., Mayntz and Toft 2006, Crossland et al. 2011, Vergara et al. 2016), which is not
well suited for evaluating direct fitness benefits under mixed diets comprising both conspecifics and plant
diets. This is important because cannibalism in natural systems is a mixed diet and requires an evaluation

of whether the chosen proportion of cannibalism is optimal for a given environment against controlled
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mixed diets. No previous study (e.g., Church and Sherratt 1996, Chapman et al. 1999b, Michaud 2003,
Santana et al. 2011, Martini et al. 2015) has compared fitness on a flexible mixed diet against controlled

mixed diet to evaluate whether the proportion of cannibalism chosen by the insects is optimal.

Here, we use the tea tortrix to investigate the direct benefits of cannibalism on individual fitness
by comparing life-history traits on a flexible choice diet against three diets with controlled composition.
The tea tortrix (Adoxophyes honmai) (Yasuda) (Lepidoptera: Tortricidae) is an agricultural pest found
primarily on Japanese tea plantations (Tamaki 1991). Field observations in Japanese tea plantations (Sato,
personal observations) suggest that cannibalism is widespread in this species, but no previous study has
either quantified the extent of cannibalism or the fitness consequences. Our experimental approach builds
on the work of others by using Killed conspecifics and four cannibalism treatments. Using killed
conspecifics allows us to remove costs and indirect benefits from the fitness estimates, and using a mix of
flexible and fixed cannibalism treatments allows for the competition of optimal cannibalism rates. We
measure the effect that the feeding treatments have on life-history traits, the mass of food eaten, and
overall fitness. With this initial study focusing on the direct benefits of cannibalism under mixed diets, we
aim to provide a foundation for understanding the mechanisms maintaining cannibalism in tea tortrix.
More generally, by studying how cannibalism impacts ingestion rates and evaluating the consequences for
life-history traits and fitness, we contribute to a more general understanding on how cannibalism may

evolve as an adaptive feeding behavior among herbivorous taxa.

3.3 Material and Methods

3.3.1 Study species

The smaller tea tortrix develops through five larval instars before pupating into an adult moth.
The larvae feed primarily on young tea leaves, which are the main source of energy for reproduction once

in the adult stage. In addition to herbivory, all stages of tea tortrix larvae exhibit cannibalism in laboratory
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populations (personal observations). Eggs are laid in large clutches directly on tea leaves, which means
that larvae are exposed to limited food resources and typically develop in a highly competitive

environment (Nabeta et al. 2005).

Experimental animals came from stock populations at Queen’s University. The stock population
was imported to Queen’s University from the National Institute for Agro-Environmental Sciences Japan
in 2013 and is housed at 22°C with L:D 14:10 light cycles. Stock larvae are fed the artificial plant-based
diet, SilkMate 2M®, which is composed of a base of powdered mulberry leaves with soy fat, starch,
sugar, fiber, citric acid, vitamins, minerals, preservative, and antibiotics. It is prepared from powder in the
lab to a paste composed of 72—76% water (Nihon Nosan-Kogyo Co. Ltd.). We used SilkMate 2M because
for two reasons. The first is that it is a high quality diet specially designed for silk worms. The second is
that it has been used in previous studies with A. honmai (e.g., Nabeta et al. 2005), which allows our

results to contribute to enhancing our general understanding of life-history plasticity in this species.

3.3.2 Experimental Methods

The experiments used three fixed treatments where the availability of each diet type was
controlled and one flexible choice treatment where both diets were available at all times. The fixed
treatments of a pure plant diet (P for plant), pure conspecific diet (L for larvae), and alternating days of
plant and conspecific diets (A for alternate) provide reference environments to evaluate life-history traits
and fitness under forced diet types. The flexible treatment (B for both), in contrast, is used to evaluate the
level of cannibalism chosen by the larvae and the resulting consequences for fitness. We selected newly
hatched tea tortrix larvae from the stock population (<24 h) and randomly assigned them to treatments.
Each focal animal was housed individually in a Petri dish (100 mm % 15 mm) containing only designated
food. Petri dishes were placed in a constant environment chamber at 24 °C with L:D 14:10 cycles. Food

was provided in excess throughout the entire larval development period.
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The diets were created using killed conspecifics and the plant-based diet SilkMate 2M. The
conspecific diet was fifth instar larvae with clear digestive tract collected from the stock population. The
larvae were stored in — 17°C freezer for a minimum of 24 h and then thawed prior to being added as the
conspecific portion of the diet. The plant diet was the artificial food SilkMate 2M, prepared in the same
way as used in the stock. The pure plant treatment (P) was created by providing each focal animal with
wet food every 2 days, and the pure cannibalistic treatment (L) was created by providing killed fifth instar
larvae every 2 days. The amount of food provided varied depending on the instar of the focal individual to
ensure that food was always in excess. The amount of diet provided was recorded each feeding day with
the plant diet ranging from 19 to 465 mg and the conspecific diet ranging from one to two killed larvae.
The alternating mixed diet (A) was created by providing individuals with plant food on the first feeding
day then replacing that with conspecifics on the second feeding day. The food type was alternated every
2 days for the entire larval stage. The flexible mixed diet (B) was created by providing both plant and
conspecific diet simultaneously. The two diets were placed at two opposite sides of the dish in the flexible
mixed treatment. Dishes were checked every 2 days. All treatments were initiated with 32 replicate
individuals. For the alternating mixed diet, 16 individuals were started with plant diet on day 1, while the

other 16 were started with conspecific diet on day 1.

For each individual, we recorded the amount of food ingested every 2 days, number of days from
egg eclosion to pupation (larval stage duration), sex, and pupae mass. All measurements were done blind
without knowledge of the treatment. The total mass of food eaten for a 2-day period was calculated for
each focal individual. Wet food was weighed before it was added into the Petri dish. Frozen victims were
thawed for 15 min before being weighed. Every 2 days, food was replaced and Petri dishes were cleared
of excess silk and scat. Uneaten food was placed into a drying oven (VWR Scientific Forced Air Oven) at
70 °C for a minimum of 3 h. After an hour of cooling, the dry food was weighed. The original wet food
weight was then converted to dry weight, using coefficients established prior to the start of this study

(Appendix B: Figure B.1), to estimate the mean amount of dry food eaten between 2 days during the

57



larval stage. Food measurements were collected starting at the third larval instar, as amounts eaten by first
and second instar larvae were too small to be measured with the microbalance (+/— 1 pg). Sex was
determined by counting the number of abdominal segments on pupa (Tamaki 1991). All weighing
measurements were done using the microbalance to the nearest microgram (Mettler Toledo, XP2U Ultra-

microbalance).

3.3.3 Statistical methods

All statistical analyses were conducted in the R software environment (R Core Team 2017). The
proportion of conspecific diet in the two mixed diet treatments consumed by the focal larvae was tested
using a generalized linear model (GLM) with a beta distribution. The model was fit with treatment
(levels: B, A), sex (levels: M, F), and the interaction between sex and treatment as predictor variables.
The beta distribution is appropriate for proportional data that is not inherently structured as the humber of
successes for a fixed number of trials (Ferrari and Cribari-Neto 2004). The beta GLM fits were done
using the betareg library in R (Cribari-Neto and Zeileis 2010). The impact of treatment and sex on
ingestion rates, larval stage duration, and pupae mass was tested using linear models with the Tukey
honest significant difference (HSD) post hoc tests. Correlations between ingestion rates and life-history
traits and between life-history traits were calculated as Pearson’s correlation coefficient. Results for
Figures 3.1, 3.2, 3.3, and B.2 are shown as standard box plots where the solid line is the median and the
box spans from the first to third quartile of the data (interquartile range). The error bars are the “whiskers”
that go from each box edge to the last data point with 1.5 x the interquartile range. Any data outside that

range are denoted with a circle.

Life-history traits contribute to overall fitness in non-linear ways. To estimate fitness for the
observed life-history traits of each individual in each treatment, we use a structured population growth
model (Ohm et al. 2016). The two life-history traits measured in the experiments are pupae mass and

larval stage duration. We assume that the pupae mass is a proxy of fecundity (Thurston and MacGregor
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2003, Calvo and Molina 2005). The typical approach is to use a Leslie matrix, which assumes an age-
structured life-history. However, the tea tortrix is better suited to a continuous-time population model

(Bjarnstad et al. 2016) to estimate fitness. For this system, we use following density-independent model

dZ—(tt) = bA(t) — bS,(DA(t — ) — d,L(t)

d‘z_it) = bS; (D)A(t —7) — d4A(L)

where L(%) is the density of larvae at time t, A(t) is the density of adults, b is the per-capita birth rate, d is
the per-capita rate of larvae, da is the per-capita mortality rate of adults, and 7 is the larval stage duration.
The through-stage survivorship is S (t). We found that the overall survival of focal larvae was high in the
experiments. Of initial number of focal individuals, 32 survived in the pure conspecific diet, 29 in the
pure plant diet, 30 in the simultaneous mixed diet, and 32 in the alternating mixed diet. Since the larvae
mortality rate was near zero in our experiments, and the two life-history traits of interest are the stage
duration and birth rate, we set d. =0. This allows us to simplify the model to a single autonomous delay
differential equation

dA(t)
dt

= b()A(t — T)d4A)

We assume that the birth rate can be estimated from the pupae mass as b=9.2 m (Joncour unpublished
data), where m is pupae mass in mg. Fitness is estimated from the above delay differential equation by
solving for the leading eigenvalue of the characteristic equation. Since the model is an autonomous single
delay equation, we can solve for the leading eigenvalue (s) using Lambert functions (Asl and Ulsoy

2003).
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The solution is

1
s = ;W(bredﬂ) —dy

where W() is a Lambert function. The leading eigenvalue (s) is the fitness estimate for each set of life-
history parameters. Results are presented for a daily adult mortality rate of da=0.05, but the conclusions

remain robust over a wide range of mortality rates (0.001 < da < 1). The impact of treatment on fitness

rates for female moths was tested using linear models using the Tukey HSD post hoc tests.

In the mixed treatments (A and B), we evaluated the extent that diet composition and total
ingestion can explain the differences in fithess among individuals using a multiple linear regression. The
response variable was the estimated fitness and the explanatory variables were total ingestion and

proportion of ingestion comprising conspecific diet.

3.4 Results

Across all treatments, the consumption rate of conspecifics was lower than the plant food (Figure
B.2). The difference in consumption rates resulted in the proportion of conspecific diet consumed in the
alternating treatment (A) being less than the 50% availability (Figure 3.1). The proportion of conspecifics
consumed in the flexible choice treatment (B) is significantly less than in the fixed alternating treatment
(A). This response was greater for females than males (Figure 3.1; Table 3.1). When both plant and
conspecific diets are combined, the total daily ingestion rate is highest in the flexible choice treatment (B)
compared to all other treatments (Figure 3.1; Table 3.1; Tukey HSD). As expected for an insect with
strong size dimorphism, the ingestion rate for female larvae is higher than male larvae across all

treatments (Table 3.1).

The feeding treatments had a direct impact on fitness-related life-history traits (Figure 3.2).

Development rate was statistically faster in the flexible treatment (B) compared to all others (Table 3.1;
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Tukey HSD). Male larvae develop statistically faster than female larvae, but there was no interaction
between sex and treatment. Similar to development time, pupae mass was greater for individuals in the
flexible treatment (B), but only statistically greater than the pure conspecific (L) and the alternating (A)
treatments (Table 3.1; Tukey HSD). Males had a statistically lighter pupae mass than females. Since
individual life-history traits impact fitness in a non-linear way, we calculated the predicted per-capita
population growth rate for each individual, which accounts for the relative impact of each life-history trait
on overall fitness. Predicted fitness was statistically higher under the flexible choice treatment (B)
compared to all of the fixed treatments (Figure 3.3; Table 3.1). The fixed diet treatments (P, A, L) did not

differ in their predicted fitness (Table 3.1; Tukey HSD).

To better understand the mechanisms behind the fitness response within each treatment, we
looked at correlations between the traits and ingestion rates, as well as correlation between life-history
traits. There is a strong correlation between pupae mass and ingestion rate for female (r =0.488, p=3.2e-
5) and male (r =0.634, p=4.4e-7) moths (Figure 3.4). Development rate in female larvae was
significantly correlated with ingestion (r =0.424, p=3.9e-4), but not for male moths (r=0.180, p=0.201)
(Figure 3.4). Correlations between pupae mass and development rate can be used to evaluate trade-offs
between the life-history traits. For both pure diets, there is a statistically significant negative correlation
between pupae mass and development rate (Figure 3.5; plant diet r=—0.641, p = 1.8e-4, conspecific diet
r=-—20.378, p=0.047). For both mixed diets, however, there is no significant correlation between pupae
mass and development rate (flexible choice diet r=—0.238, p=10.2047, conspecific diet: r=—0.165,
p=0.376). In the mixed treatments, we found that fitness increased with the amount of food ingested for
both males (t=3.30, p=10.003) and females (t=3.35, p=0.002), but fitness increased with proportion of
conspecifics consumed only for males (t=2.29, p = 0.03) with no significant relationship for females

(t=—0.571, p=0.572).
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3.5 Discussion

We investigated the direct fitness benefits of consuming conspecifics in the smaller tea tortrix.
Our experimental design allows us to evaluate how different cannibalistic feeding strategies impact life-
history traits and fitness. The controlled mixed diet treatment gives equal amounts of time to both plant
and conspecific diet without allowing the larvae to choose one food type over the other. Even though the
diet types were provided for equal time, larvae consumed much more plant diet than conspecific diet.
Water content was similar for both diets (conspecific 63%, plant 70%), which means that conversion from
wet mass to dry mass does not have much impact on the amount of usable resources that can be extracted
from the ingested food. As such, we can conclude that larvae ingest conspecific diet at a slower rate than
plant diet. There are several possible explanations for the slower ingestion rate. The first is that larvae
may have difficulties handling conspecifics simply because the physical structure of their mouthparts is
adapted to eat soft plant material and not the harder exocuticle of their conspecifics (Vijendravarma et al.
2013). A second is that larvae may be limited in their ability to digest conspecifics. Herbivorous insects
are better able to digest the material found in plant food compared to conspecifics, which can result in
behavioral changes in the rates of ingestion (e.g., Raubenheimer and Simpson 1998). While we found a
large difference in ingestion rates between plant and conspecific food (Figure B.2), some caution must be
taken in generalizing this difference to a more natural setting with tea leaves. Larvae likely ingest the
artificial food used in our study faster than tea leaves because it is physically easier to handle and lacks a
waxy cuticle. Larvae in nature are usually found on young tea leaves, which have softer plant structure
and less waxy cuticle than older leaves. However, further experiments are needed to connect the ingestion

rates on the plant diet used here with ingestion rates on tea leaves.

Animals on a pure cannibalistic diet survived as well as individuals in any other treatments,
indicating that conspecifics provide enough resources for successful development through the larval
stage. Moreover, pure cannibals developed as fast as pure herbivores indicating that performance on a

conspecific diet is similar to a plant diet. Combining the observed life-history traits into a single estimate
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of fitness reveals that the reduced consumption rate of conspecifics is balanced by the quality of the diet
resulting in almost equal fitness on pure conspecific as compared to a pure plant diet. A potential
drawback to consuming conspecifics is that the feeding insect will be ingesting growth hormones and
defense compounds that could impact development and survival (Chapman et al. 1999a). While these
have the potential to cause significant problems for developing larvae (Hoffmann and Lorenz 1998), there

is no evidence for a negative impact of a conspecific diet on any life-history traits in our study.

The ingestion rate on conspecific food was slower than plant food, but the efficiency of
converting ingested food into usable resources is higher for conspecific food likely because it is a closer
nutritional and stoichiometric match to the feeding larvae (Sterner and Elser 2002). For example, the large
mismatch between the composition of the feeding insect and a plant diet means that insects need to spend
energy simply to get rid of excess elements, which can result in lower conversion efficiency when
consuming plant food relative to conspecifics (e.g., Zanotto et al. 1997). Thus, we expect that an optimal
diet composition would strike a balance between ingestion rate and conversion efficiency of ingested food

into usable resources.

When given a diet choice, all larvae consumed a mix of conspecific and plant diets. However, the
overall proportion of cannibalism was low (~ 17%) in the choice treatment. Larvae in the flexible choice
diet consumed less conspecifics than larvae in the alternative mixed diet, meaning that when given the
choice, larvae spent less than half of their time feeding on conspecifics. There are several possible
explanations for the low rate of cannibalism. First, since the artificial plant diet lacks many of the
potential inhibitors to herbivory found in tea leaves, our experimental study may underrepresent the rate
of cannibalism found in natural environments. Second, there may be perception or behavioral factors that
underlie the low cannibalism rate. For example, larvae may see, smell, or taste conspecifics in different
ways than plant food causing them to have different consumptions from the alternating treatment
(Vijendravarma et al. 2013, Martini et al. 2015). Alternatively, the feeding larvae may prefer eating the

plant diet that they have adapted to and only eat conspecifics as they encounter them. In the alternating
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diet, we expect that the need to maximize ingestion should lead them to eat whatever food is available at
the time (Mayntz and Toft 2006). Given that the rate of conspecific ingestion was still low in the
alternating treatment, it suggests that the reduced ingestion is caused by something other than a

straightforward behavioral choice.

Other explanations for the low rate of cannibalism have to do with nutritional benefit and
evolution for indirect fitness effects. Previous work has shown that it is not just the amount of assimilated
nutrients that matters, but also the balance between different classes of nutrients that determine individual
fitness (Martini et al. 2015, Vergara et al. 2016). For example, Simpson et al. (2006) demonstrated that
optimizing the carbohydrate to protein ratio leads to better absorption of carbohydrates and proteins and
favors growth and survival in the Australian plague locust. Thus, larvae may choose a low rate of
cannibalism because it best meets their nutritional needs (Snyder et al. 2000, Mayntz and Toft 20086,
Vergara et al. 2016). A final possibility is that consumption of conspecifics is an innate behavior that has
evolved to increase resources indirectly through the killing of conspecifics. While these explanations
cannot be distinguished based on our experiments, larvae in the flexible choice treatment had a higher
daily ingestion rate than any other treatment. The increased ingestion corresponded to the increased
fitness of individuals in the flexible treatment compared to either pure diet (Figure 3.3) indicating that

there is at least a direct fitness benefit to consuming a small proportion of conspecifics.

The strong correlation between ingestion rate and pupae mass suggests that the impact of the
treatments on this life-history trait was primarily through changes in ingestion. Since potential
reproduction in the adult stage is controlled by the amount of energy acquired during the larval stage,
pupae mass can be used as a surrogate for maximum fecundity (Thurston and MacGregor 2003, Calvo
and Molina 2005). As such, our results suggest that low rates of cannibalism increase the fecundity of
female moths via increased ingestion rates resulting in increased pupae mass. Interestingly, we found a
weaker correlation between ingestion and development time as compared to pupae mass. Given that the

relative increase in development rate on the flexible versus the fixed diets was larger than the change
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pupae mass, we can conclude that differences in ingestion rates among treatments do not explain the
change in development rate. One explanation could be that development rate is responding to signaling
compounds such as growth hormones acquired from consuming conspecifics in the mixed treatments.
However, we can reject this explanation because the pure cannibalistic diet did not lead to faster
development. The most likely explanation is that tea tortrix larvae develop faster when consuming a low
proportion of conspecifics because it is a better combination of resources with different nutritional

contents compared to any of the fixed treatments (Snyder et al. 2000).

For insects, size at maturation and juvenile development time are two closely related life-history
traits (Via 1984, Nylin and Gotthard 1998). Increased maturation size and faster development both result
in higher fitness when the traits are considered in isolation (Nylin and Gotthard 1998). However, faster
development also means that there is less time to ingest resources, which can cause a trade-off between
development rate and size at maturation (Chown et al. 2004). Consistent with this idea, we found a strong
negative correlation between tea tortrix pupae mass and development rates in the pure diets. The trade-off
is lost when larvae consumed both conspecifics and plant food in either the alternating or flexible choice
treatment. Such diet-dependence in the trade-off between maturation size and development rate has also
been found for leaf miners (Via 1984) where the trade-off was present when consuming pea plants, but no
trade-off was present when consuming tomato plants. There are two main explanations for why the trade-
off may change depending on the diet. The first is that the trade-off is masked by differential ingestion
(De Jong and Van Noordwijk 1992). If there is greater variation in ingestion among individuals in
treatments with both diet types, then some individuals can get more food than others allowing them to
have better performance on all life-history traits. The variation in ingestion then generates a positive
correlation between traits. However, in our experiments, the variation in ingestion in the mixed diet
treatments is similar to the pure diet treatments, suggesting that this explanation is not likely. A second
explanation is that there is more among-individual variation in the genes controlling the timing of

development in the presence of mixed diets compared to either pure diet (Via 1984). This is a similar
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argument to the differential ingestion, but focused instead on hormone regulation rather than energy
acquisition. On pure diets, there is no variation in the composition of the diet resulting in uniformity in
the regulation of development and the emergence of the underlying trade-off. On mixed diets, there is
variation in the composition of the diet among individuals that could result in variation in the regulation
of development. Variation in the regulation of development could then mask the underlying trade-off in a
similar way as variation in ingestion. While we have no direct evidence for this explanation, our data are
consistent with this explanation since there is substantial variation among individuals in the relative

consumption of conspecific versus plant food (Figure 3.1).

By exploring the effects of consuming conspecifics on the life-history traits, we demonstrated the
direct fitness benefits of cannibalism in the tea tortrix moth. Our results reveal that conspecifics have a
high nutritional value and that the proportion of cannibalism affects the fitness outcome. Cannibalism was
only beneficial to individual fitness when occurring at a low rate, which suggests that the costs associated
with decreased ingestion on conspecifics are larger than the benefit of having a closer match between diet
composition (e.g., amino acids, lipids, stoichiometry) and insect requirements for growth and
development. Importantly, the impact of diet treatment on fitness can be primarily understood through the
impact each treatment had on ingestion rates. This allows us to focus a more proximate mechanism,
which is how the diets comprising different rations of plant and conspecific diet alter ingestion rate and
why ingestion is greatest under low rates of cannibalism. Even though our study excluded the indirect
benefits and costs of cannibalism on individual fitness, it provides a first step in understanding the

mechanisms that maintain low cannibalism rates in herbivorous species.
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Figure 3.1 Cannibalism and total ingestion rates for each treatment. The proportion of conspecifics
consumed was lower in the flexible choice treatment (light blue) compared to the controlled alternating
days treatment for female moths (i), but was more similar for male moths (ii). The total resource ingestion
rate (plant + conspecific food) was greatest in the flexible treatment (light blue) compared to all

controlled treatments (turquoise) for both female (iii) and male (iv) moths. Ingestion rate is plotted against
the mean proportion of conspecific mass ingested to facilitate comparison among treatments based on

effective consumption.
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Figure 3.2 Development rate and pupae mass for each treatment. Development rate increased under the
flexible treatment (light blue) for both female (i) and male (ii) moths, and individuals pupated at a greater
mass for both female (iii) and male (iv) moths relative to the controlled feeding treatments. Life-history
traits are plotted against the mean proportion of conspecific mass ingested to facilitate comparison among

treatments based on effective consumption.
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Figure 3.3 Predicted fitness of individuals in each treatment based on differences in development time
and pupae size. Fitness was estimated as the per-capita population growth rate for the life-history traits

observed for each individual.
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Figure 3.4 Correlations between fitness related life-history traits and overall ingestion. Pupae mass is
positively correlated with ingestion for both female (i) and male (ii) moths. Development rate is positively
correlated with ingestion for female moths (iii), but uncorrelated for male moths (iv). Grey ellipses depict
correlation contours with solid lines indicating statistically significant correlations and dashed lines

indicating non-significant correlations.
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Figure 3.5 Trade-off correlations between pupae mass and development rate for pure plant diet (i),
flexible choice diet (ii), alternating diet (iii) and pure conspecific diet (iv). Life-history traits are shown
for both female (solid symbol) and male (open symbol) moths. Grey ellipses depict correlation contours
with solid lines indicating statistically significant correlations and dashed lines indicating non-significant

correlations.
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Table 3.1 Statistical results

Test Response distribution Model term Test statistic p value
Proportion of conspecific diet Beta distribution with identity link Treatment:Sex Treatment Sex z =-2.092 p =0.037
consumed (Figure 3.1 i-ii) 7= 4332 p=9.4e-3
z=2.597 p =1.5e-5
Total ingestion rate (Figure 3.1 iii- Normal distribution with identity link  Treatment:Sex Treatment Sex F =20.84 p =0.261
iv) F=2114 p=11e5
F=1.353 p<le-6
Development time (Figure 3.2 i-ii) Normal distribution with identity link ~ Treatment:Sex Treatment Sex F = 0.645 p =0.588
F=9.325 p =1.5e-5
F =6.063 p =0.015
Pupae mass (Figure 3.2 iii-iv) Normal distribution with identity link ~ Treatment:Sex Treatment Sex F =0.775 p=0.510
F=7.542 p=1.2e-4
F=1535 p<le-6
Fitness (Figure 3.3) Normal distribution with identity link  Treatment F=10.39 p=1.2e-5
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Chapter 4

Sublethal doses of insecticide increase interference competition in a tortrix moth

Barbara Joncour and William A. Nelson
Formatted for Ecotoxicology and Environmental Safety

(in revision)

4.1 Abstract

With the extensive use of insecticides worldwide and the rapid evolution of insecticide resistance,
the exposure of organisms to insecticides at sublethal doses is becoming increasingly common. Our
understanding of their effects on life histories is needed to predict the impact of sublethal doses on
population dynamics and improve insecticide use and pest control. Sublethal doses can impact life
histories directly and indirectly through changes in the intraspecific competition. However, only a few
studies have evaluated the effects of sublethal doses on intraspecific competition and these focused on
food exploitation. As such, sublethal effects on interference are largely unknown despite the fact that
interference competition greatly influences dynamics. In this study, we focused on the neurotoxic
insecticide spinosad, and investigated its sublethal effects on the aggressive interactions among larvae of
the tortrix moth Adoxophyes honmai, and the consequences for life histories. We conducted a set of paired
laboratory experiments from which we measured the effects of two sublethal doses (LDgs, LDos) 0n
exploitative and interference competition. Spinosad was found to amplify interference with most effects
on mortality, which lets us suggest that the insecticide likely increases the level of aggressive interactions

resulting in more conspecific killings (e.g., cannibalism). Spinosad exposure was found to impair
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movement ability. Less movements may increase susceptibility to conspecific attacks and or increase
aggressivity for better defense, two plausible mechanisms that could explain the increase in interference
with insecticide. This study shows that insecticide at sublethal dose can impact life histories by altering
the strength of interference competition. Investigating the full scope of sublethal effects of insecticides on
life histories is crucial to most accurately predict their impact on populations, as many organisms (pest
and non-target species) compete through interference and theory predicts that a change in intraspecific

competition can have substantial changes on dynamics.

4.2 Graphical abstract

Figure 4.1 Graphical abstract

4.3 Highlights

e Sublethal doses of spinosad slightly altered life histories of isolated individuals.
e Sublethal doses of spinosad increased the strength of interference competition.
e Exposure to spinosad reduced avoidance movement when attacked.

¢ Higher mortality likely resulted from more aggressive individual interactions.
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4.4 Introduction

Insecticides are currently the most common method to control insect pest populations, and their
use continues to grow around the world with roughly 7500 tonnes more each year since 2012 (FAO
2020). Alongside the increase in insecticide use is a growing number of situations where applications fail
because of the evolution of insecticide resistance (Sparks and Nauen 2015, Gould et al. 2018) or
behavioral changes that reduce insecticide exposure (Guedes et al. 2016). When insecticide applications
fail, the surviving pest insects are exposed to sublethal doses of insecticide. In some well-documented
instances, pest dynamics have become worse under sublethal doses of insecticides because of
compensatory effects on individual life history (e.g., stimulated reproduction) through a change in
physiological and or behavioral functions (Gill and Garg 2014, Guedes et al. 2016, Wu et al. 2020). While
the sublethal effects of insecticides are increasingly recognized and studied, the experiments are typically
done using individuals in isolation (e.g., Crawley et al. 2017, Tappert et al. 2017, Rugno et al. 2019).
However, it has long been suggested that insecticides at sublethal doses not only impact individuals
directly but also indirectly through a change in the intraspecific competition for resources (Postma et al.
1994, Hardin et al. 1995). Studying the effects of insecticide on the intraspecific competition is crucial to
understand and predict the full range of effects that sublethal doses can have on individuals and

populations.

Despite recognizing the potential importance of the interplay between insecticide and
intraspecific competition for life histories and the consequences for population dynamics, (e.g., Guedes et
al. 2016, Op de Beeck et al. 2018), few studies have studied the effect of sublethal doses of insecticide on
intraspecific competition. Some studies found that insecticides can release the competition for resources
and increase the fitness of survivors. By killing some individuals within a population, insecticide can
indirectly free up resources for survivors who benefit from it and ultimately, for example, have shorter
development time or higher reproductive capacity. This outcome was found in mayflies (Beketov and

Liess 2005), caddisflies (Liess 2002) and mosquitoes (Muturi et al. 2011, Alto et al. 2013) that competed
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for food resources. While these findings show evidence that insecticides at sublethal doses can change the
impact of intraspecific competition on life histories, they only looked at organisms that compete indirectly
through the exploitation of food resources. Competition can occur both indirectly and directly through
interference interactions. As a result, it is unclear whether and how insecticides impact the intraspecific
competition through direct individual interactions, and the consequences for life histories. Our study
investigates whether sublethal doses of insecticides can change the direct competitive interactions within

a species, and evaluates the consequences for life histories.

Insecticides have the potential to change interference competition in different ways. For instance,
when altering the nervous system, insecticides could change the behavior that individuals have towards
their conspecifics, for example by either increasing or decreasing aggressivity (Haynes 1988, Guedes et
al. 2016). The level of interference may change when the allocation of energy is favored toward the
production of enzymes for detoxification rather than to metabolic demands required to interact with
conspecifics. As well, when impairing the locomotor system (Campos et al. 2011), insecticides can
decrease the ability to escape from conspecific attacks and therefore change the degree of interference.
Likewise, insecticides that lead to behavioral avoidance of treated areas (de Castro et al. 2018) can cause
higher conspecific densities and encounter rates in non-treated areas. Insecticides can also change traits
associated with interference, like the spinning of silk and the folding of leaves needed to secure food and
build shelters to protect from conspecifics (Yang et al. 2018). The effects of insecticides may be specific
to a life-stage or body size, which can have a disproportionate effect on the strongest (or weakest)
competitors, and in turn may alter the direct competition (Alto et al. 2013). To our knowledge, there is
only one study that found a change in interference within a species from insecticide exposure. Op de
Beeck et al. (2018) show that damselflies increased self-amputation (autotomy) to escape from
cannibalism, in the presence of the insecticide chlorpyrifos. The authors suggested insecticide caused an

increase in the encounter rates, and therefore attempts of cannibalism, because damselflies increased
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foraging to detoxify. Altogether, sublethal doses are expected to alter interference competition through a

number of potential mechanisms.

Knowing whether insecticides can alter the interference competition is essential for species whose
dynamics are driven by intraspecific competition. This is the case for many pest insects, such as the
Indian meal moth (Briggs et al. 2000), the 28-spotted potato ladybird beetle (Nakamura et al. 2004), the
European grapevine moth (Thiéry et al. 2014). A change in the level of interference competition can
result in a change in the overall impact of intraspecific competition on individual life histories (Joncour et
al. in review). In turn, this latter change is predicted by theory to have subsequent consequences on
population dynamics (de Roos and Persson 2013, Le Bourlot et al. 2014). Measuring whether insecticides
can change quantitatively how interference impacts life history is consequently needed to get insight on
how populations will respond to sublethal doses. However, knowledge is currently lacking on how direct
competitive interactions may vary with insecticides, because multi-pronged approaches are required to
assess the role of interference competition in a system (Smallegange et al. 2006, Maszczyk et al. 2014,

Joncour et al. in review).

We looked at the effect of the insecticide spinosad on interference among larvae of the tortrix
moth Adoxophyes honmai, one of the most consequential pests for tea production in Japan (Yamanaka et
al. 2012). The smaller tea tortrix is an ideal study system for our research interest because the critical role
of interference competition on life histories and population dynamics has been previously demonstrated in
the system (Yamanaka et al. 2012, Nelson et al. 2019, Joncour et al. in review), and the species has
evolved resistance to multiple insecticides in multiple populations (Uchiyama et al. 2013, Uchiyama and
Ozawa 2014). Conspecifics compete aggressively for food, which primarily impacts larval mortality and
slightly impacts development and growth (Joncour et al. in review). Interference competition among
larvae is a main driver of the tea tortrix population dynamics that generate multiple cycles a year in the
field (Nelson et al. 2019). We studied the organic insecticide spinosad that is used against many pests

around the world (Kamimuro et al. 2019, FAO/WHO 2020) for two reasons. First because it targets the
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nervous system (Salgado 1998) which suggests the insecticide could impact the aggressive behavior of
individuals (Haynes 1988). Second because the primary function of spinosad is to cause muscle spasms
and paralysis (Salgado 1998) which suggests spinosad reduces the mobility of larvae. We consequently
predicted spinosad to decrease the aggressive individual interactions and in turn to reduce the impact of

interference competition on life histories.

This study experimentally investigates the sublethal effects on life histories through a change in
the direct conspecific interactions. Focusing on the tea tortrix, this study brings valuable insight to how
sublethal doses of the neurotoxic insecticide spinosad could impact the pest population dynamics. Since
intraspecific competition is a major driver of the moth dynamics (Nelson et al. 2019), a change in
competition may alter or even dampen the population cycles and or change the population stage-structure
(Liess and Foit 2010, Le Bourlot et al. 2014). Predicting changes in life history is important for pest
management strategies, because success of insecticide applications strongly depends on development rate
and on the accurate predictions for when a life stage is most prominent in the fields (Bjernstad et al.
2016). It is also important for the conservation of non-target species, such as beneficial arthropods and
biocontrol predators, whose exposure to sublethal doses is nowadays inevitable. This is due to the
intensive use of insecticide and the high variation of doses over time and space (e.g., degradation of
residues), both inside and outside agricultural fields (Guedes et al. 2016). It is quite common that
insecticide applications predicted safe for the environment have unpredicted deleterious effects on non-
target species (Desneux et al. 2007, Guedes et al. 2017). Assessing the full range of sublethal effects on
life histories will improve predictions on how insecticides impact pests and non-target species, for better

pest control and insecticide use.

4.5 Materials and Methods

4.5.1 Study design
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We used a pair of matched experiments to isolate the impact of insecticide on interference
competition (Joncour et al. in review). The first experiment (interference experiment) assessed whether
insecticide at sublethal doses changes life-history traits in the presence of intraspecific competition (both
exploitative and interference). This experiment had five competitor density treatments and three
insecticide treatments: two sublethal doses and a control without insecticide. The second experiment
(exploitation experiment) assessed changes in life history under the different insecticide treatments and
different food availability using individuals in isolation. By manipulating food abundance, this
experiment gives a baseline for understanding how insecticide impacts life-history traits under
exploitative competition. Comparing the effect of insecticide on life-history traits under exploitative
competition (exploitation experiment) with the effect in the presence of exploitative and interference
competition (interference experiment) allows to infer the effect of insecticide on interference (Joncour et

al. in review).

4.5.2 Experimental design

Both experiments ran from January through March 2020 and started with randomly selected late
second instar larvae (6 days old) from the stock culture at Queen’s University, Kingston, Canada. The
stock culture was imported in 2013 from laboratory stocks in Kagoshima Prefecture, Japan. Individuals in
the experiments and the stocks were fed the artificial food Silkmate 2M (Nihon Nosan-Kogyo Co. Ltd.)

and were maintained at 22 °C (x2°C) with 80% relative humidity and a photoperiod of L:D 14:10.

In the experiments, food pellets were replaced every four days. One food pellet was placed in the
center of each dish, containing either a single larva or a cohort of larvae. Prior to replacing food pellets,

all feces and silk were removed from dishes.

The interference experiment was conducted in 266 mL transparent cups. Competitor density
treatments were 5, 15, 25, 35 and 45 larvae and food pellets were 2301 mg wet mass. Food pellets were

set to 10 times the maximum amount of food a larva was recorded to eat in four days (57.25 mg/day from
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personal observation by Joncour; Appendix F), which corresponded to the maximum amount of food 10
larvae could eat in four days (Joncour et al. in review). The experiment was replicated 10 times at each

insecticide dose.

The exploitation experiment was conducted in 25.9 mL transparent vials. Under the high food
treatment, food pellets were more than 230.1 mg wet mass (maximum amount of food eaten by a larva).
Under the low food treatment, food pellets were 50.6 mg wet mass, which is 22% of the maximum
amount of food a larva was recorded to eat. The experiment was replicated 50 times at each insecticide
treatment to provide about 25 statistical replicates for each sex (25:25 sex ratio). Replicates were
staggered over time and we used a total of 4,050 larvae for both the exploitation and interference

experiments.

The exploitation experiment gave a base line for the effects of exploitative competition that
would occur in the interference experiment if interference competition was absent. The high food
treatment is comparable to the competitor density treatment of 5, as in both treatments, the per-capita food
amount is higher than the maximum amount eaten by a larva. The latter is if we assume food is equally
shared among competitors in the interference experiment. Following the same logic, the low food
treatment is comparable to the competitor density treatment of 45, as the per-capita food amount is 22%

of the maximum amount eaten by a single larva.

Two spinosad doses were used to evaluate sublethal effects. We used sublethal doses where only
a few individuals died, to avoid the confounding factor of frailty. The highest dose was chosen based on
the results of a bioassay, to be nonlethal to most (90%) of the larvae (Appendix C: C1 and C2), and was
0.08 ppm spinosad. The next dose was chosen as a back-up if the highest dose would cause too much
mortality, and was chosen to be as high as possible without killing larvae (nonlethal) and was 0.01 ppm
spinosad. Insecticide solutions were prepared through serial dilution the day the experiments were set up.
We used Spinosad PESTANAL ® (analytical standard, powder form, 96.7% pure) from Sigma Aldrich

(Oakville, Ontario, Canada), which is a mixture of spinosyn A and spinosyn D. Water with Triton X 100
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(0.1%) was used for dilutions and for the control solution. Dried food was mixed with prepared solutions
the first day of the experiments. A batch of food was made with 1/3 of dehydrated food (SilkMate 2M)

and 2/3 of prepared solutions.

In both experiments, the following life-history characteristics were recorded for larvae that
pupated: larval development time (days), body mass at pupation (mg) and sex. We checked for new pupae
every day, sexed them and weighted them to the nearest 0.01 mg using a microbalance (Mettler To
Mettler Toledo, Xp2U Ultra-microbalance, +1jg). Every two days, we collected detailed demographic
data for six groups of larvae (not more due to time constraints) in the interference experiment. These
demographic data were the number of larvae in each instar. Groups of larvae were from the 45-competitor

density treatment, at the low and high insecticide treatments, and from three replicates.

4.5.3 Statistical analyses

All statistical analyses were done in the R software (R core team 2020). We first used data from
the exploitation experiment where individual data points are from single animals. We tested for the effects
of insecticide, food abundance and sex, and their interactions on life-history traits using multi-factor
ANOVA. We then used data from the interference competition where individual data points are means of
groups of larvae. We tested for the effects of insecticide, competitor density and sex, and their
interactions on group mean life-history traits, using generalized additive models (GAMs). GAMs were
used to fit a smooth function on competitor density, which is continuous numerical, and were fitted using

the package mgcv (Wood 2019). The full model for survivorship was
fit = GAM((Alive,Dead)~s(Density, by = Insecticide) + Insecticide, binomial)
and the full model for development or body mass was

fit = GAM (Y ~s(Density, by = Insecticide) + Insecticide * Sex, gaussian)
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where Y was either mean development rate or mean body mass and squared by 1/4 to fit a gaussian error
distribution. The by=Insecticide was used to test whether the smoothing function s() on competitor
density differs among insecticide treatments. The additive argument indicates that the intercept of the
model changes with insecticide treatments and sex. For both types of models (ANOVA or GAMs), we

evaluated suites of models derived from the full models using AIC.

We predicted life-history traits from selected models and calculated the percent change in mean
traits from the control, caused by the low and high doses of insecticide. We compared percent change
from the interference experiment (competition involved interference and exploitation), with percent
change from the exploitation experiment (where a change in food abundance simulated exploitive
competition). The difference in percent change represents the effect of insecticide on interference

competition.

4.5.4 Movement behavior experiment

Since spinosad acts on the neuromuscular transmission, it is anticipated that sublethal doses could
impact the mobility of larvae and consequently their ability to attack, or escape attacks from conspecifics.
To evaluate mobility, we conducted a behavioral experiment to assess the effects of spinosad on the
locomotion of larvae. Movement behavior was measured on fifth larval instar across ten insecticide
treatments (a control and 9 levels; 0.001 to 300 ppm spinosad mixed with food). Animals went through a
1-min test on their ability to move in response to four simulated attacks. Animals were touched close to
the head with a pencil at 15-second intervals. Body movements were recorded with video camera and
later counted as number of wiggles or S-shaped twisting movements (Vogelweith et al. 2014). Because of
time constraints, we analyzed the data for spinosad doses that were the closest to the ones in the main
experiments: the control, 0.01 and 0.10 ppm. Wilcox tests were performed to test whether insecticide

impacted the number of wiggles, for each sex independently.
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4.6 Results

A bioassay was conducted to evaluate life-history responses of single larvae to a wide range of
spinosad doses. Full results are presented in Appendix C (Figures C.1, C.2). The lethal spinosad dose for
50% of the larval population (LDso) is estimated to 0.37 ppm. Doses of spinosad under LDsp increased
larval development time and reduced pupal body mass. We used the mortality response to spinosad to
select two sublethal doses for the main experiments. The chosen doses killed only a few larvae (10% and

0% death) to avoid the confounding effect of frailty.

The exploitation experiment measured the impact of food abundance and insecticide on life
histories of isolated larvae, which gives a base for how insecticide interacts with exploitative competition
to impact life histories. Reducing food abundance had no effect on mortality, but slightly increased
development time and strongly decreased pupal body mass (Figures 4.2-4.4, C.3; Table C.1). The
addition of the insecticide had an additive effect on life-history traits, but there was no interaction with the
effect of food abundance (Figures 4.2-4.4, C.3; Table C.1). The low dose insecticide treatment caused 3%
death in the larval population (LDgs) while the high dose insecticide resulted in 6% death (LDgs). The
high dose had a negative effect on development and slightly increased the time taken to develop out of the
stage. In contrast, the low dose had a positive effect on development and slightly reduced the time taken
to develop. The high dose slightly decreased pupal body mass, whereas the low insecticide dose had no

effect on pupal body mass.

The interference experiment measured the impact of competitor density and insecticide dose on
life histories of larvae in the presence of both exploitative and interference competition. We found that
increasing competitor density caused a decrease in survivorship, an increase in development time, and a
decrease in body mass (Figures 4.2-4.4, C.4, C.5; Table C.2). The effect of sublethal insecticide dose
interacted with competitor density for survivorship (Figure 4.2; Table C.2). Specifically, the high dose of

insecticide increased the negative effects of competitor density on survivorship, and these effects were
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bigger with increasing density. In particular, at competitor density of 5 larvae, insecticide decreased
survivorship by 4.1% relative to the control, and at competitor density of 45 larvae, insecticide decreased
survivorship by 19.5% (Table C.3). However, the low dose insecticide did not change the effect of
competitor density and only had a small detrimental effect on survivorship. Cohort demographics and
their change over time were expected to reveal death in the first, second and third larval instars (Joncour
et al. in review) but reveal that death occurred throughout all larval instars (at both the low and high
dose). Cohort demographics show that more death occurred at the high dose insecticide compared to the
low dose insecticide (Figure C.6). For the through-stage development time, insecticide did not change the
impact of competitor density but rather had an additive effect (Figures 4.3, C.4; Table C.2). Low dose
increased development time by half a day and the high dose increased development time by a couple of
days. For the pupal body mass, insecticide didn’t change the shape of the relationship with competitor
density (Figures 4.4, C.5; Table C.2). The high dose increased the negative effects of competitor density
on female body mass on average across the densities. The low dose also slightly increased the negative
effects of competitor density on female body mass. However, at the medium competitor densities of 25
and 35 larvae, low dose decreased the negative effect of competitor density on female body mass. Male
body was only slightly impacted by insecticide. Similar to female body mass, at the medium level of
competition of 25 larvae, both insecticide treatments reduced the negative effects of competitor density on

male body mass.

To evaluate the effect of insecticide on the interference competition, we compared the effect of
insecticide on exploitative competition, as characterized by the exploitation experiment, to the effect of
insecticide on interference and exploitation competition, as characterized by the interference experiment
(Table C.3). We found that insecticide had no major effect on the interference competition when
insecticide dose was low (Figures 4.2-4.4, C.4, C.5; Table C.3). Even though the effect sizes were
comparatively small, it is interesting to notice that the direction of the effects of low dose insecticide on

development switched with the presence of interference competition (Figures 4.3, C.4; Table C.3).
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Without interference competition, the insecticide decreased development time. With interference
competition, the insecticide increased development time. When insecticide dose was high, insecticide
increased the effects of interference competition on life-history traits. The effects of interference were
increased on survivorship by 14% (when competition was high), on development by 5% (both sexes), and
by on female pupal body mass 7% (Figures. 4.2-4.4, C.4, C.5; Table C.3). Male pupal body mass and

survivorship (when competition was low) were not increased interference competition.

We collected data from a behavioral bioassay to evaluate the impact of spinosad on the larval
locomotory response to simulated conspecific attacks. We found that female ability to move away from
attacks was not impacted by 0.01 ppm spinosad but was significantly reduced by 0.10 ppm spinosad
(Wilcox test, W=71, p=0.013, Figure 4.5). Male movement behavior was not impacted by 0.01 and 0.10

ppm spinosad (Wilcox test, W=180, p=0.454, Figure 4.5).

4.7 Discussion

Insecticides at sublethal doses have been shown to change the intraspecific competition for
resources through a change in the exploitative competition (e.g., Liess 2002, Muturi et al. 2011,
Knillmann et al. 2012). Yet, it is poorly understood how sublethal doses of insecticides may alter
interference competition. Here, we investigated whether sublethal doses of spinosad impact the
interference competition among larvae of A. honmai, and evaluated the consequences for life history. We
used a set of paired laboratory experiments to disentangle the relative role of interference from
exploitative competition on life-history traits. One experiment measured the effect of insecticide on the
exploitative competition, where varying levels of food abundance for isolated individuals was a proxy for
exploitation. The other experiment measured the effect of insecticide on the interference and exploitative
competition, by varying competitor density for a fixed amount of food. By comparing the insecticide
effect on exploitative competition with the insecticide effect when both exploitative and interference
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competition were present, we can infer how sublethal doses of spinosad mediates the interference
competition in the system. Without insecticide, intraspecific competition primarily increased mortality,
slightly increased development time and decreased body mass at pupation. The same patterns were
previously observed by Joncour et al. (in review) who found that competition in tea tortrix occurs through

a high-level of aggressive interactions with only a low level of exploitative competition.

Insecticide does not impact the interference competition in tea tortrix under a sublethal dose of
3% death (LDg3). In fact, this dose had very slight effects on the development and body mass of larvae
isolated from conspecifics. However, when the insecticide dose was higher but still largely sublethal
(LDgg), insecticide amplified the interference competition, which goes against our predictions. Insecticide
caused the interactions to be more detrimental to larvae with the strongest effect on mortality. An increase
in mortality implies that aggressive interactions are more intense and or more frequent with insecticide, or
that larvae are less able to defend themselves leading to more conspecific Killings. Death occurred
continuously throughout all larval instars (Figure C.6), which is surprising because, for this species, larger
larvae are known to kill smaller ones and not the other way around (Nelson et al. 2019, Joncour et al. in
review). Here, we observed cannibalism of larger larvae that were in the process of transformation to
become pupa by smaller larvae (personal observation from B. Joncour during the experiments), which
could partly explain our results. The enhanced interference, from insecticide exposure, resulted in larvae
taking longer time to develop and pupating at a smaller body mass. Although fecundity wasn’t measured
in the experiments, we expect the increase in aggressive interactions to decrease fecundity. This is
because body mass at pupation is a surrogate for the potential number of eggs laid in adults (Thurston and
MacGregor 2003). The general negative effects on life histories could be because larvae allocate more
time and energy to the higher-level of interference, such as fighting and healing from injuries, and

therefore less time to feeding activities and less energy towards detoxifying.

Sublethal insecticide doses can interact with interference competition in two ways. One way is by

the insecticide modifying competition. Spinosad acts to disrupt neuromuscular transmission and tends to
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impair the mobility of lepidopteran species (Salgado 1998). Studying whether the doses used in the
experiments impacted the mobility of larvae can help us infer mechanisms through which insecticide
could have increased interference. We found that the highest dose prevents females from moving when
attacked, an effect not seen in males (Figure 4.5). While spinosad reduced female mobility, females were
nevertheless less impacted by interference than males. This suggests that mobility doesn’t determine how
insecticide impacts interference competition, or that females compensate their loss in locomotion by being
more aggressive to protect themselves from conspecific attacks. Beside its potential effect through
mobility, spinosad could modify competition by impairing the ability to spin silk structures that can offer
protection, an effect observed in the rice leaffolder exposed to spinosad (Yang et al. 2018). Reduction in
the ability to build shelters with silk may promote exposure to conspecifics. Furthermore, behavioral
avoidance of areas treated with spinosad (after contact or without contact with spinosad) was observed in
the spined soldier bug (de Castro et al. 2018) and could also have occurred in tea tortrix. Avoidance of
treated food may increase conspecific density far from the food and raise encounter rates, aggressive
behavior and therefore cannibalism (Simpson et al. 2018). Although the mechanisms need to be
demonstrated, spinosad could have modified the larval interactions either by increasing their

susceptibility to conspecific attacks or by increasing aggressive behavior.

The second way that spinosad can interact with competition is if competition increases the toxic
effects of insecticide. The simple presence of competitors could be a stressful factor that reduces the
stress capacity towards insecticide, which would make larvae more susceptible to insecticide than when
raised alone (Liess 2002, Op de Beeck et al. 2018). Susceptibility to insecticide can also increase with
interference when food intake needed for detoxification is reduced, for example when stronger
competitors monopolize the food resource. Moreover, insecticide sensitivity can increase with larval
interactions when energy that was allocated to production of detoxification enzymes is now also allocated
to activities involved with interference. From the bioassay, we know what to expect if insecticide effects

were to increase: higher spinosad dose impacts survival as much as it impacts development and body
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mass (Figures C.1, C.2). However, interference competition increased the toxic effects of spinosad (the
highest dose) by a fair bit for survival but only by a little for development and body mass. This
inconsistency in the pattern of stronger negative effects gives a lack of support for the second hypothesis

— competition probably doesn’t change the toxic effects of spinosad.

Our experiments reveal that the interaction between insecticide and interference competition is
different for females versus males. Males were impacted in their development while females were
impacted in both development and body mass. In the absence of insecticide, competition decreased the
ratio male to female for survivors. The presence of insecticide amplified the effect of competition on the
sex ratio, which means that males were more likely to die from the increased competition than females
(Figure C.7). This could be a direct result of the stronger competitive interactions. Males are probably
weaker competitors than females because of their smaller size, which would make them more likely to be
killed at a higher-level of interference. Strong sexual dimorphism in size is often considered as a
disadvantage during aggressive encounters (Nakayama and Fuiman 2010). Males could also get more
exposed to cannibalism from small larvae, as they reach pupation (a susceptible stage for being
cannibalised) faster than females. The sex difference in insecticide effects could also be an indirect result
of the increased interactions. Males and females were found equally sensitive to spinosad when reared
alone, which makes us think, if males were weaker competitors than females, that competition could

make them more susceptible to insecticide when together with conspecifics.

Surprisingly, insecticide had a positive sublethal effect on larvae when competition is at an
intermediate level (density of 25 larvae): larvae were heavier and some developed faster with insecticide
than without insecticide. One explanation could be that insecticide together with competition causes a
frailty effect removing weaker larvae from the group of competitors. More specifically, some individuals
may be better at competing than others and competition increases individual variation in life-history traits.
Weaker competitors may be more susceptible to insecticide. Insecticide may remove weaker competitors

which reduces individual variation in traits and enhances mean trait values. This explanation is supported
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for females, because female variation at intermediate level of competition is significantly reduced from
insecticide, but isn’t supported for males (Figure C.8). Another explanation would be that spinosad
induces a biphasic dose-response in larvae (hormoligosis), whereby individuals that are already under
some small stress from competition are more resilient to insecticide (Guedes and Cutler 2014, Guedes et
al. 2016, Liess et al. 2019). This suggestion connects to the bioassay results that show spinosad-induced
positive effect (hormesis) on male body mass, when environmental conditions are optimal (Figures C.1,
C.2). Hormesis and hormoligosis are processes found in many other arthropods exposed to insecticides,

however the underlying mechanisms are still poorly understood (Guedes and Cutler 2014).

The set of paired experiments allows us to infer the impact of sublethal doses on interference.
However, it is not possible to fully disentangle interference from exploitative competition by simply
comparing life-history traits between the two experiments (Joncour et al. in review). The exploitation
experiment provides an idealized representation of how exploitation would shape life histories. In this
experiment, larvae were isolated to prevent from interference, which in turn prevented the sharing of a
common food as larvae were also isolated from their conspecific’s food. Therefore, the food not ingested
by larvae couldn’t be released to other larvae, unlike in the interference experiment where food was fully
shared among all competitors. This leads to a discrepancy between the exploitation simulated from the
exploitation experiment and the one that would occur in the interference experiment, if interference barely
existed. However, exploitation likely didn’t occur at the lowest competitor density in the interference
experiment. That is because the per-capita food abundance was twice greater than the optimum. As a
result, at this level of competition, insecticide can be expected to affect life histories directly (e.qg.,
physiological and behavioral functions) and indirectly through interference. We compared these effects
on life histories (direct and indirect) with effects from the exploitation experiment when food is abundant
(direct only), to isolate the insecticide effects on interference. We found the effects are quite consistent

with insecticide effects at the highest competitor density (where exploitation was accounted for) which
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gives us confidence that the general pattern of insecticide effects is primarily through changes to

interference.

4.8 Conclusion

Our study found that sublethal doses of insecticide can change life histories by changing the
strength of interference competition within a species. Assessing whether an insecticide changes the
mechanism of intraspecific competition is essential when predicting the sublethal effects of insecticide on
populations. Whether individuals compete mostly through interference or mostly through food
exploitation greatly determines how competition impacts vital rates. Consequently, it is the relative
strength of interference to exploitative competition that ultimately shapes population dynamics (de Roos
and Persson 2013, Le Bourlot et al. 2014). In the case of the tea tortrix, we found that sublethal doses of
spinosad likely change the way larvae compete and subsequently their life histories. The change in
interference was found at a very low dose spinosad. We chose to use sublethal doses, doses inducing no
significant mortality (Desneux et al. 2007), to remove the confounding factor of frailty. However, higher
doses, that induce some mortality in the population, are very likely present in the environment, and can be
suggested to have stronger sublethal effects on surviving individuals than lower doses (Desneux et al.
2007). Consequently, we expect that the insecticide effects on competition that we see here in the
experiments, will increase at higher doses. This increase in interference can cause fundamental changes to
population dynamics. For instance, Le Bourlot et al. (2014) predicted from a theoretical model that the
level of interference, determining life histories, drives the dynamics of populations of Collembola.
Dynamics go from small amplitude cycles, to dampen cycles, to large-amplitude cycles with increasing
level of interference. Substantial consequences of a change in interference can be predicted for
populations of pest insects and of hon-target species whose dynamics are governed by intraspecific

competition. It should be emphasized it is the full range of insecticide effects on life histories, including
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effects on competition, that should be investigated when looking at the consequences of sublethal doses
on populations. By giving a more realistic assessment of insecticide effects on life histories, we believe
this study is of interest to many systems, for which we are still unable to predict insecticide effects on

populations.
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Figure 4.2. A — The effects of spinosad and competitor density on survivorship in the interference experiment. Boxplots show data distribution for
each treatment (n=155). The dotted line is a base line with 100% survival. Full lines are fitted values from the best model. B — The effects of
insecticide on how exploitative competition impacts survivorship (exploitation experiment). C — The effect of insecticide on how exploitative and

interference competition impact survivorship (interference experiment). L is for number of larvae and F is the per-capita food abundance.
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Figure 4.3 A — The effects of spinosad and competitor density on cohort mean female development time in the interference competition. Boxplots
show data distribution for each treatment (n=155). Lines are fitted values from the best model. B — The effect of insecticide on how exploitative
competition impacts mean female development (exploitation experiment). C — The effect of insecticide on how exploitative and interference

competition impact mean female development (interference experiment). L is for number of larvae and F is the per-capita food abundance.
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Figure 4.4 A — The effects of spinosad and competitor density on cohort mean female body mass at pupation in the interference competition.
Boxplots show data distribution for each treatment (n=155). Lines are fitted values from the best model. B — The effect of insecticide on how
exploitative competition impacts mean female body mass (exploitation experiment). C — The effect of insecticide on how exploitative and
interference competition impact mean female body mass (interference experiment). L is for number of larvae and F is the per-capita food

abundance.
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Figure 4.5 The effect of spinosad on larval movement behavior from simulated attacks in the bioassay
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Chapter 5

Summary and Conclusions

Competition naturally occurs within biological populations and strongly determines the individual
life history (Applebaum and Heifetz 1999, Ward et al. 2006). Through its impact on life-history traits,
intraspecific competition drives population dynamics (Gurney and Nisbet 1985, Briggs et al. 2000).
Importantly, intraspecific competition is predicted to influence population dynamics in different ways
depending on the ways competition impacts life-history traits (de Roos and Persson 2013, Le Bourlot et
al. 2014). Intraspecific competition occurs through two main pathways, known as the interference and
exploitative competition (Park 1954). Interestingly, while we seem to have a good theoretical
understanding of how to scale up the competitive processes at the individual-level to explain population-
level dynamics, we have difficulties predicting dynamics for real populations (Briggs et al. 2000, Le
Bourlot et al. 2014). One reason is that we often lack knowledge about the real competitive mechanisms
for a specific system. This is because it is difficult to get empirical evidence of the competitive
mechanisms for most biological systems. Current methods are limited to select taxa and often look at
short-term traits that may be poor surrogates for life-history traits (Smallegange et al. 2006, Scharf et al.
2008, Maszczyk et al. 2014). We require approaches to identify the real competitive mechanisms that are
applicable to a broader range of taxa, in order to explain the effect of competition on both the individual

life history and population dynamics for real biological systems.

In Chapter 2, | contribute to the study of intraspecific competition by developing an approach to
disentangling the relative role of interference versus exploitation in shaping life-history traits, that is
applicable to a wide range of taxa. The approach complements ordinary life-history experiments with
mathematical modeling to overcome some of the limitations of sole experiments. For example, the

approach can be used for systems where the rapid handling of food is difficult in experiments.
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Specifically, the approach compares observed life-history data with model predictions to test for the most
parsimonious competitive mechanisms in a study system. Model predictions can be made for different
hypothesized competitive scenarios that differ in the intensities and types of interference competition.
While the approach doesn’t give direct evidence of the competitive mechanisms, it lets us infer about the
relative importance of interference versus exploitative competition in shaping life histories, and their
functional dependencies. These are valuable pieces of information that help define the real mechanisms of
intraspecific competition in a system. Using this new approach, scientists will be able to explain the
impact of intraspecific competition on life histories and accurately embed competition in population

models for better predictions of real dynamics.

In this thesis, | focused on studying the competitive mechanisms in the smaller tea tortrix. The
smaller tea tortrix presented an excellent opportunity to experimentally study the pathways of
competition. Previous theoretical studies suggest that intraspecific competition governs the moth
population dynamics, in the field and in the lab (Yamanaka et al. 2012, Nelson et al. 2019). However,
prior to my study, the real competitive mechanisms were largely unknown. To begin my investigation, |
quantified the impact of intraspecific competition on the moth life-history traits using laboratory
experiments (Appendix A). | found strong evidence of competition that highly affected survival but very
slightly affected development, body mass and fecundity. From these results, theoretical suggestions and
behavioral observations, | hypothesized that competition occurs in the smaller tea tortrix via interference
rather than via exploitation. Throughout this thesis, | explored intensively the role of interference

competition in the system and how it changes with temperature and insecticide.

In Chapter 2, | used the combined approach I designed to investigate the role of interference
versus exploitative competition in shaping the moth life histories. As expected, | found that competition is
best explained by a high level of interference and a low level of food exploitation. In particular, | showed
that interference competition primarily acts on mortality, suggesting strong aggressive interactions that

cause death (fights and cannibalism). These results ascertain our understanding of the moth population
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dynamics since theory predicts that direct density-dependence on mortality regulates the moth single-
generation cycles (Yamanaka et al. 2012, Nelson et al. 2013, Nelson et al. 2019). However, we still need
to test alternative hypotheses for how intraspecific competition, through its impact on vital rates, affects
the moth population cycles. We yet don’t know how the moth dynamics are affected by competitive
processes other than through a direct effect on mortality, and Chapter 2 reveals that competition in the
moth also occurs through some level of interference that acts on energetics. The next step would be to
look at how interference versus exploitative competition, and their functional dependencies, play a role in
determining the moth population cycles. This could be done theoretically since the results of Chapter 2
lay the foundation for the explicit embedding of how interference and exploitative competition influence

the moth vital rates into population models.

In Chapter 2, | also showed that temperature has no major impact on the mechanisms of
competition in the smaller tea tortrix. Interestingly, this finding is in line with results from another
empirical study (Mallard et al. 2020) but contradicts theoretical work on ectotherms that predict
competition to increase with warmer temperatures (Amarasekare and Coutinho 2014, Johnson et al.
2016). In the discussion of this chapter, | propose a few explanations for this finding. But most of all, |
think it is difficult to draw conclusions on how competition responds to temperature from my study since
I only used three temperature levels. Nevertheless, this study is one of the few empirical attempts that
investigates the effects of temperature on intraspecific competition for more than two temperature levels
(with Gao et al. 2013, Nilsson-Ortman et al. 2014, Johnson et al. 2016, Mallard et al. 2020). Overall, we
require more research on how temperature, through its impact on intraspecific competition, changes life

histories to explain and predict how populations respond to fluctuations in temperature.

With Chapter 3, we (Simpson et al. 2018) improved our understanding to why the smaller tea
tortrix competes aggressively. Using lab experiments, we studied the cannibalistic behavior of the moth, a
quite fascinating behavior for a herbivorous species. We found that larvae consume other larvae when

given the choice, but this in low amounts. Moreover, we found strong evidence that this feeding strategy
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leads to higher fitness than any other diets. These findings are important as they provide an explanation
for the presence of cannibalism, and consequently the existence of aggressive behavior, in the smaller tea
tortrix. Chapter 3 therefore complements Chapter 2 as it gives a basic understanding for the high level

of interference competition in the study system.

To my knowledge, Chapter 4 is the first study that investigates whether an insecticide alters the
interference competition occurring within a population. While there is a growing amount of research on
the sublethal effects of insecticides (Desneux et al. 2007, Guedes et al. 2016), the effects are typicaly
assessed on single organisms (e.g., Crawley et al. 2017, Rugno et al. 2019). As a consequence, sublethal
effects on the interference competition are currently overlooked, despite the fact that interference
competition can strongly influence the fate of individuals and determine population dynamics (Le Bourlot
et al. 2014). Using lab experiments, | showed that spinosad, a bio and neurotoxic insecticide used
worldwide, increases the aggressive interactions in the smaller tea tortrix and in turn alters their life-
history traits. These findings shed light on the broad range of effects that sublethal doses of insecticides
can have on organisms. Importantly, these findings are revealing: sublethal exposure can change the real
mechanisms of competition. This means that insecticides, by altering the way individuals compete and
subsequently changing life histories, can have major consequences on populations dynamics. In the case
of the smaller tea tortrix, it is possible that the spinosad at sublethal doses in the fields causes smaller
amplitude and shorter period cycles because of the interaction with competition that leads to lower
survival, lower fecundity and longer development time. Future research should look into the role that
sublethal exposure has on the moth population dynamics. Overall, these findings are of great interest to
scientists that predict the effect of insecticides on the dynamics of pests and non-target species, since
organisms are increasingly exposed to sublethal doses of insecticides in nature. Who knows, perhaps in
the near future we may change the way of using insecticides. We may use insecticides at lower doses, not
to kill insect pests, but to disrupt individual-level processes that are key drivers of dynamics, such as

intraspecific competition, to prevent infestation outbreaks.
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Taken together, this thesis improves our general understanding of how intraspecific competition
defines life histories, and how this responds to environmental factors such as temperature and
insecticides. Specifically, the findings in this thesis greatly contributes to our comprehensive
understanding of the smaller tea tortrix population ecology, and have implications for both the pest

management and how environmental factors may influence its infestations in the field.

Going forward, more research is needed to understand how the impact of intraspecific
competition on life histories scales up to affect population dynamics. We have been making great
progress in developing theoretical models that mechanistically link life-history traits to population
dynamics (de Roos and Persson 2013). However, and most importantly, we are currently lacking
experiments to test the competitive processes that can drive population dynamics, which is essential to our
scientific understanding. As a consequence, we still need to demonstrate whether differences in the
competitive mechanisms induce respective differences in population dynamics, and specifically, whether
competition shapes life-history traits that are key determinant of population dynamics. Investigating the
role that intraspecific competition plays at the population level will help answer central questions of
population ecology, such as why do species (or different populations) differ in their population dynamics.
The case of the smaller tea tortrix and the light brown apple moth (Epiphyas postvittana) is a good
example. Interestingly, while the two closely-related species have very similar life cycles, the former
generates recurrent population cycles and the later generates relatively stable dynamics (Bjernstad et al.
2016). Do these drastic differences in dynamics are the results of different competitive mechanisms?
Overall, far more research on the role that intraspecific competition plays in population ecology is

required for our understanding of real-world population dynamics.
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A.1 Material and methods for the food and competition experiments

A.1.1 Maximum daily amount of food required (MDAF) across temperatures
The maximum daily amount of food required, MDAF, is the maximum amount of food eaten per day by
fifth-instar larvae. This amount was assessed in an experiment on ingestion (Appendix F), conducted prior
to the main experiments (i.e. the “Complementary empirical study” in Appendix A.3.1). We found that
MDAF is 24 mg (dry mass) at 28 °C. In the main experiments, MDAF is adjusted in function of
temperature because feeding rates of insects are strongly influenced by temperature (Kooijman, 2010). To
calculate MDAF at 22 and 16 °C, we assumed that individuals ate the same total amount of food
throughout the larval stage independently of temperature. We then calculated MDAF as the total amount
of food in a lifetime divided by development time (days) at each temperature. We fitted a generalized
additive model to data from three independent empirical studies to estimate the response of development
time to changes in temperature (AIC selection, AlC=452.4, GAM(development time = s(temperature)),
dfa06.54, Figure A.2). From the best model, we predicted mean development time to be 16, 20 and 39 days
at 28, 22 and 16 °C respectively. We then found that the total amount of food eaten in a lifetime is 384
mg, from 24 mg * 16 days at 28 °C. From that, we calculated MDAF at 22 °C, 384/20=19.2 mg, and at 16
°C, 384/39=9.8 mg. We show in Table A.1 the estimated food amounts for the various treatments in the

food experiment and the competition experiment.

A.1.2 Food pellets
Food was prepared as pre-weighed pellets before the start of the experiments and stored dried. An hour
before replacing food, food pellets were rehydrated with twice their weight of water using a micropipette.
Food pellets were made from the artificial plant-food SilkMate 2M using the following steps. Layers of
wet food were made onto dishes using a pastry roll with elastic bands to control for homogeneous height.
Circle-die cutter were used to print food pellets in wet food (straws and lids of various size). Wet food
was put in oven at 70 °C for 48 hours. Dry food pellets were collected and ranked by weight. We varied

pellets height and diameter to find the perfect recipe for each pellet size.
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A.2 Statistical analyses and results of experimental data

A.2.1. Statistical analyses

All statistical analyses were done in the R software (Version 4.0.2 core team 2020). We tested for an
effect of food abundance and larval density in the following life-history traits: larval survivorship, larval
development time, pupa body mass and total number of eggs. The effect of food abundance was evaluated
using data from the food experiment. The effect of competitor density was evaluated using data from the
competition experiment. To keep the statistical tests comparable between experiments, individual data
was used as the unit of replication for the effect of food abundance, whereas the cohort means were used
as the unit of replication for effect of competitor density. Averaging life-history traits among cohorts
hides the individual variation but allows for the same level of replications and statistical analyses for the

food experiment.

We used generalized additive models (GAM) to fit a smooth function on the predictor variable for both
sets of data. We fitted the following full model using the mgcv package (Wood and Wood 2015) for each
life-history trait Y

fit =GAM(Y ~s (X ,by =Temp) + Temp, family)

where X is food abundance or competitor density and both X and Y are treated as continuous numerical
variables. Temp is treated as a categorical temperature variable. The smooth function is associated with
food abundance or competitor density and by =Temp is used to test whether the smooth function differs
among temperatures. The additive argument Temp indicates that the intercept of the model changes with
temperature. Family represents the family of the distribution which was taken to be Binomial for
survivorship, Gaussian for development time and pupa body mass, and Poisson for number of eggs. We
evaluated a suite of models derived from the full model and looked for the best model that fits the data
using AlCc. For all traits except for survivorship, we ran the analyses separately for females and males

because life histories strongly differ among sexes (Nabeta et al. 2005).

A.2.2 Results

As expected, the experiments reveal that temperature influences larval survivorship and development,
pupal body mass and realized adult fecundity in the smaller tea tortrix. However, temperature had no

major effect on the effect of food abundance or larval density.
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A.2.2.1 Larval survivorship

When food abundance was high and competitors were absent, survivorship was high (i.e. isolated with
100% food treatment; Figure A.3). The few larvae that died, died in the first days into the stage.

Food abundance impacted survivorship (Table A.2). In particular, survivorship remained high with
decreasing food abundance, but below 20% food, survivorship dropped. When food was lower than 20%,
larvae died in the late instars of development (forth and fifth). Food abundance had no impact on sex ratio
that remained 1:1. However, the 5% food treatment resulted in 8 males for one female. Temperature
didn’t change how food abundance impacts survivorship, but colder temperatures reduced survivorship
(Table A.2). Competitor density impacts survivorship differently than food abundance (Table A.2). The
simple presence of competitors reduced survivorship and increasing competitor density strongly reduced
survivorship. Death occurred in all larval instars. Temperature didn’t change how competitor density

impacts survivorship but again colder temperatures lead to lower survivorship (Table A.2).

A.2.2.2 Larval development

Females took about two days longer to develop than males. Larvae developed faster at warner
temperatures (Figure A.4). Food abundance increased development time. Overall, 40% food, or less,
strongly increased development time and when 10% food, or less, increased development time by 2-3
folds. Food abundance impacted differently female and male development, and the impact of food slightly
differed across temperatures (Tables A.3 and A.4, Figure A.4). Competitor density increased development
time (Tables A.3 and A.4) but the effect was smaller than the one of food limitation. Competitor density

impacted similarly sexes across temperatures (Tables A.3 and A.4).

A.2.2.3 Pupal body mass

When food was in abundance and when competitors were absent, pupal body mass averaged 20 mg for
males and 30 mg for females (Figure A.5). Warmer temperature led to smaller individuals. Food
abundance reduced body mass when food was less than 60% (Tables A.5 and A.6). At the 5 and 10%
food, males averaged 5 mg and females averaged 10 mg which is, respectively, one forth and one third of
the optimal mass. Competitor density decreased body mass (Tables A.5 and A.6) but the effect was
weaker than the effect of food, where body mass decreased by 3 mg for both sexes at the highest
competitor density. Temperature had no effect on how food or competitor density impacted body mass
(Tables A.5 and A.6).

A.2.2.4 Realized fecundity
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Realized fecundity averaged 200 eggs per female and increased with temperature (Figure A.6). Food
limitation reduced fecundity (Table A.7). While fecundity slowly decreased from 100% to 60% food, it

strongly decreased when food was less than 60%. Fecundity slowly and steadily decreased with

increasing competitor density (Figure A.6).

A.3 Material and methods for the cohort model

A.3.1 Estimation of model parameters from empirical data

Here, we present the detailed fitting of eight model parameters from empirical data across temperature
treatments (Table 2.3 and Table A.8).

Four model parameters were estimated using data from the food experiment:

The total number of substage, k, was estimated from the formula k = 1/CV? where CV is

the mean coefficient of variation of female larval development rates (e.g., Nelson et al. 2019).
We calculated CV as the average CV among food treatments in the food experiment, for each
temperature.

The mean final larval body mass for female, my, was estimated from the average female

pupal mass in the 100% food treatment in the food experiment, at each temperature.

We set up a minimum larval-development rate, hy, for mathematical reasons and a maximum

larval-development time, fua, for biological reasons. Without those thresholds in the model,

individuals would develop out of the larval stage within an unrealistically amount of time. gy
is the longest time (day) that a female took to develop out of the larval stage in the food
experiment for each temperature and hy is the inverse of #... Both parameters were estimated

at each temperature. The cohort model ran each cohort of larvae for a maximum time #qx.

Three model parameters were estimated using data from an empirical study that investigated ingestion

rate in function of larval body mass and temperature (Appendix F):

We used a nonlinear least squares regression method using the package (nIme) in R (Pinheiro
etal. 2017) to fit I(j,R) = % (see Table 2.1) to the empirical data to estimate the

maximum ingestion rate for the heaviest larvae, I, and the half saturation point for

maximum ingestion rate un function of body mass, ¢. We did the parameter fitting separately
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for each temperature (16 °C: 41 iterations, n=75; 22 °C: 8 iterations, n=77, Figure A.8; 28 °C:
8 iterations, n=75).

- We estimated the mean initial larval body mass, m,, using data on larval body mass from the

ingestion experiment.

At last, we estimated the daily mortality rate for starvation, 6z, from the formula (-In(1-0.995))/number of

days , where we estimated that when a larva stops feeding at 22 °C it will die in 5 days, in 10 days at 16

°C and 3 days at 28 °C from personal observations.

A.3.2 Embedding asymmetry in interference competition in the model

The cohort model assumes symmetric competitive interactions, where the effect of competition is the
same among larvae of various body size. However, Nelson et al. (2019) suggest asymmetric competition
among tea tortrix larvae, where the effect of competition depends on the body size of the recipient and of
its competitors. Nelson et al. (2019) specifically found that survival of medium-size larvae (L3, L4) is
more impacted by the presence of same-size or larger larvae (L5) than by the presence of smaller larvae
(L1, L2). We therefore investigated the asymmetric structure of the interference interactions and whether

it changes the impact of competition on life-history patterns.

Symmetric interference competition was embedded in the model with a density-dependent coefficient on
mortality (Table 2.2). Asymmetric interference competition was embedded in the model with different
density-dependent coefficients among body-mass classes, represented with an interaction surface (Table
A.9). The interaction surface is from Nelson et al. (2019) and is a five by five matrix where rows and
columns are the five larval instars of development. The interaction surface estimates a recipient’s daily
mortality rate which depends on the competitor density in each instar and on the instar of the recipient.
We integrated the interaction surface to the model by translating the index of body mass j to larval instars
using body mass proportions for each instar (0 < L1 > 0.029; 0.029 <L2 > 0.086; 0.086 < L3 > 0.329;
0.329 <L4>0.614; 0.614 <L5 > 1, data from the complementary empirical study on ingestion). To
embed asymmetric competition into the model, we added the matrix Q V£ to the mortality function where
Q is the interaction surface, V is the one x five vector of larval densities in each stage and f is the
balancing parameter. The balancing parameter allows to target the effect of the asymmetric structure by

constraining the through-stage survivorship to be the same under symmetric and asymmetric competition.
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The through-stage survivorship is equal to —In(1 — §,)/T, where §p is the daily mortality rate and T is
the time of larval stage (days) and hence
B 6p5T
f= (al*T1l4+a2+*T2+ a3 T3+ a4 *T4+ a5 +T5)

We assumed that the impact of interference competition on mortality is independent of temperature.
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Figure A.1 Schematic drawing of the food experiment and the competition experiment where L is

number of larvae and R is resource abundance.
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Figure A.2 The effect of temperature on the development time of larvae. Observations (n=40) are isolated
larvae (cross from Evans and Nelson (2013), square from a pilot study of the food experiment) and groups
of larvae (35 to 40 larvae per group, circles from Nabeta, Nakai & Kumnimi (2005)). The black line is the

fitted line from the selected model.
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Figure A.3 The effects of food abundance and competitor density on survivorship across temperatures.

Solid lines are predicted values from the best fit models in Table A.2.
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Figure A.4 The effects of food abundance and competitor density on development across temperatures.

Females are shown in colors and males in grey. Solid lines are predicted values from the best fit models in
Table A.3and A.4.
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Figure A.5 The effects of food abundance and competitor density on body mass at pupation across

temperatures. Solid lines are predicted values from the best fit models in Table A.5 and A.6.
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Figure A.6 The effects of food abundance and competitor density on the realized fecundity (total number

of eggs laid per adult female) across temperatures. Solid lines are predicted values from the best fit models

from Table A.7.
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Figure A.7 Empirical demography for cohorts of larvae of different densities (20, 50 or 90 larvae) across temperatures. See Figure 2.2 for color

legend.
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Figure A.8 Maximum ingestion rate (wet mass/day) in function of the index of body mass at 22 °C. An

index of body mass of 1 represents a body mass, mg, of 28.5 mg. Circles are larvae in isolation with food

at libitum from complementary experiment. The solid line is the fitted non-linear least squares regression

to the equation I(j,R) = % in Table 2.1.
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Figure A.9 Larval survivorship and development rate for isolated individuals at 16 (a.) and 28 °C (b.). Dashed lines are mean traits from the fit

model and circles are empirical data for survivorship and female mean development rate. Maximum likelihood was used to estimate the unknown

model parameters 6, ¢ and ¢ (Table A.8).

Survivorship

Development rate (1/day)

133

1016 -90--6-0--0-0-0-Q_0__
\'l
|
1

0.5- ',
é

0.0

0.09

o o)
-9--8-0 - ._0
0.06-§ 8 é é 8 0‘8‘*§.~g ©
0 o g 8 o 2.8
O ~
0.03 9
I | | I I |
100 80 60 40 20 5
Food (%)




MODEL

Mortality Energy
c
il
':q;, L o— | L — |
o
£
o
o R R
io4 || =mmmmmm-g- =- -~
\\ \
N \
~ A v
o . \ ‘\
£ ~. ' .
UQ \\ ""-. \'"'x
o ~ o S
2 054 -~
= ‘ T
w \\ h-"""'-._
\\‘-
0.0
0.05+
©
o
©
€~ SIS =s====cz-c-Z--Z-c-Z-Z-- E
Qo > -"'—-._ -
EZ 0044 ==aoie N
a= | T T==a__ ~ -~
0‘_ — . ~ ~
—_— ~ ~
9 ON
g NN
0.03 ) ¥
~ ~
~ -~
10 40 70 100 10 40 70 100
Density

Figure A.10 Varying the impact of interference competition and the effects on life-history traits
at 22 °C. From light to dark grey, competition coefficient on daily-mortality rate is 0.0191, 0.01,
0.005, 0.001, and competition coefficient on daily net-energy production rate is 0.01, 0.008, 0.004
and 0.001. Interference competition is symmetric in the model. Shaded areas are cohort variation

(x 2SD) around mean development rate.
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Figure A.11 Mean life-history traits from the competition experiment and model predictions at 16 °C. The four model versions of competition are

ranked from best to least (left to right) in their ability to explain the empirical life-history traits. Interference competition is symmetric in the

model. Shaded areas show predicted cohort variation (x 2SD) around mean development rate.
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Figure A.12 Experimental demographics and model predictions for competitor densities of 20, 50 and 90 larvae at 16 °C. The four model versions

of competition are ranked from best to least (left to right) in their ability to explain empirical distributions. Interference competition is symmetric

in the model. See Figure 2.2 for color legend.
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Figure A.13 Mean life-history traits from the competition experiment and model predictions at 28 °C. The four model versions of competition are
ranked from best to least (left to right) in their ability to explain the empirical life-history traits. Interference competition is symmetric in the

model. Shaded areas show predicted cohort variation (x 2SD) around mean development rate.
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Figure A.14 Experimental demographics and model predictions for competitor densities of 20, 50 and 90 larvae at 28 °C. The four model versions

of competition are ranked from best to least (left to right) in their ability to explain empirical distributions. Interference competition is symmetric

in the model. See Figure 2.2 for color legend.
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Figure A.15 Mean life-history traits from the competition experiment and model predictions at 22 °C.
Interference competition on mortality is asymmetric in the model. The two model versions of competition
are ranked from best to least (left to right) in their ability to explain the empirical life-history traits.

Shaded areas show predicted cohort variation (+ 2SD) around mean development rate.
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Figure A.16 Experimental demographics and model predictions with competition at 22 °C. Interference
competition on mortality is asymmetric in the model. From left to right, the two model versions of
competition are ranked from best to least explaining empirical demography. Legend for colors

representing life stages is in Figure 2.2.

140



Table A.1 Estimated food amounts (mg of dry mass / 4 days) for the food experiment and competition
experiment. Food at 100% is the maximum daily amount of food required for one larva for 4 days.
16°C 22°C 28°C
Food at 10*100% 388.9 767.1 960.0
Food at 100% 38.9 76.7 96.0
Food at 90% 35.0 69.0 86.4
Food at 80% 31.1 61.4 76.8
Food at 70% 27.2 53.7 67.2
Food at 60% 23.3 46.0 57.6
Food at 50% 194 38.4 48.0
Food at 40% 15.6 30.7 38.4
Food at 30% 11.7 23.0 28.8

Food at 20% 7.8 15.3 19.2
Food at 10% 3.9 7.7 9.6
Food at 5% 1.9 3.8 4.8
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Table A.2 Statistical results for probability of surviving the larval stage (Y) as a function of food
abundance, competitor density (Comp) and temperature (Temp). Gam is generalized additive model and s

is smooth function.

The food experiment

Statistical Model LL k AIC. AAIC. Weight
“gam(Y ~ s(Food) + Temp, binomial)  -621 100 1543 00 07
gam(Y ~ s(Food), binomial) -66.9 79 1556 1.3 0.3
gam(Y ~ s(Food, by=Temp) + Temp, binomial) -60.3 18,5 211.0 56.7 0.0
gam(Y ~ Food + Temp, binomial) -1153 4.0 240.1 85.8 0.0
gam(Y ~ Food, binomial) -1189 2.0 2422 879 0.0
gam(Y ~ Food * Temp, binomial) -1146 6.0 2445 90.2 0.0
gam(Y ~ Temp, binomial) -176.9 3.0 360.6 206.3 0.0
gam(Y ~ 1, binomial) -179.7 1.0 3614 2071 0.0

The competition experiment

Statistical Model LL k AIC. AAIC. Weight
gam(Y ~ s(Comp, by=Temp) + Temp, binomial) -98.1 125 2414 245 0.0
gam(Y ~ Comp + Temp, binomial) -123.8 4.0 257.3 403 0.0
gam(Y ~ Comp * Temp, binomial) -1235 6.0 262.6 45.7 0.0
gam(Y ~ s(Comp), binomial) -146.8 5.1 306.4 89.4 0.0
gam(Y ~ Comp, binomial) -1716 2.0 3476 1306 0.0
gam(Y ~ Temp, binomial) -3155 3.0 6380 4210 0.0
gam(Y ~ 1, binomial) -361.9 1.0 7259 5089 0.0
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Table A.3 Statistical results for female development time (Y) as a function of food abundance, competitor

density (Comp) and temperature (Temp). Gam is generalized additive model and s is smooth function.

The food experiment

Statistical Model LL k AIC. AAIC. Weight

gam(Y ~ s(Food, by=Temp) + Temp, gaussian) -689.5 16.2 14141 0.0 1.0

gam(Y ~ s(Food) + Temp, gaussian) -7545 117 15339 1198 0.0
gam(Y ~ Food * Temp, gaussian) -780.8 6.0 15740 1599 0.0
gam(Y ~ Food + Temp, gaussian) -796.4 4.0 1601.0 1869 0.0
gam(Y ~ Temp, gaussian) -826.0 3.0 16581 2440 0.0
gam(Y ~ s(Food), gaussian) -923.6 9.6 18674 4533 0.0
gam(Y ~ Food, gaussian) -940.4 2.0 18849 4708 0.0
gam(Y ~ 1, gaussian) -948.2 1.0 18984 4843 0.0

The competition experiment

Statistical Model LL k AIC. AAIC. Weight
“gam(Y ~ s(X, by=Temp) + Temp, gaussian) ~ -5345 84 10865 00 10
gam(Y ~ X * Temp, gaussian) -541.2 6.0 1094.8 8.3 0.0
gam(Y ~ s(X) + Temp, gaussian) -5485 55 11084 21.8 0.0
gam(Y ~ X + Temp, gaussian) -5535 4.0 11151 286 0.0
gam(Y ~ Temp, gaussian) -582.0 3.0 1170.0 835 0.0
gam(Y ~ X, gaussian) -943.4 2.0 18909 804.3 0.0
gam(Y ~ s(X), gaussian) -943.4 2.0 18909 804.3 0.0
gam(Y ~ 1, gaussian) -9446 1.0 18913 804.7 0.0
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Table A.4 Statistical results for male development time (Y) as a function of food abundance, competitor

density (Comp) and temperature (Temp). Gam is generalized additive model and s is smooth function.

The food experiment

Statistical Model LL k AIC. AAIC. Weight

gam(Y ~ s(Food, by=Temp) + Temp, gaussian) -758.5 16.7 1552.9 0.0 1.0

gam(Y ~ s(Food) + Temp, gaussian) -7825 7.9 15814 285 0.0
gam(Y ~ Food * Temp, gaussian) -810.3 6.0 1633.0 80.1 0.0
gam(Y ~ Food + Temp, gaussian) -8129 4.0 16340 81l.1 0.0
gam(Y ~ Temp, gaussian) -859.2 3.0 17246 1716 0.0
gam(Y ~ s(Food), gaussian) -971.7 3.1 1949.7 396.8 0.0
gam(Y ~ Food, gaussian) -9741 2.0 19522 399.3 0.0
gam(Y ~ 1, gaussian) -986.5 1.0 19749 4220 0.0

The competition experiment

Statistical Model LL k AIC. AAIC. Weight
“gam(Y ~ s(X, by=Temp) + Temp, gaussian) ~ -579.6 7.4 11745 00 10
gam(Y ~ X * Temp, gaussian) -583.8 6.0 11799 54 0.0
gam(Y ~ s(X) + Temp, gaussian) -586.4 5.0 11831 85 0.0
gam(Y ~ X + Temp, gaussian) -589.6 4.0 11874 129 0.0
gam(Y ~ Temp, gaussian) -610.5 3.0 12271 52.6 0.0
gam(Y ~ X, gaussian) -933.2 2.0 18705 6959 0.0
gam(Y ~ s(X), gaussian) -933.2 2.0 18705 6959 0.0
gam(Y ~ 1, gaussian) -9349 1.0 18719 6974 0.0
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Table A.5 Statistical results for female pupal body mass (Y) as a function of food abundance, competitor

density (Comp) and temperature (Temp). Gam is generalized additive model and s is smooth function.

The food experiment

Statistical Model LL k AIC. AAIC. Weight
“gam(Y ~ s(Food), gaussian) ~ -623.0 43 12550 00 06
gam(Y ~ s(Food) + Temp, gaussian) -621.6 6.3 1256.2 1.2 0.3
gam(Y ~ s(Food, by=Temp) + Temp, gaussian) -618.0 115 1260.2 5.3 0.0
gam(Y ~ Food, gaussian) -676.6 2.0 1357.2 1022 0.0
gam(Y ~ Food + Temp, gaussian) -6759 4.0 13600 1051 0.0
gam(Y ~ Food * Temp, gaussian) -6746 6.0 13616 106.6 0.0
gam(Y ~ 1, gaussian) -779.6 1.0 15611 306.2 0.0
gam(Y ~ Temp, gaussian) -779.1 3.0 15643 3094 0.0

The competition experiment

Statistical Model LL k AIC:. AAIC. Weight
“gam(Y ~ s(Comp) + Temp, gaussian) ~ -600.7 4.8 1211.1 00 04
gam(Y ~ s(Comp, by=Temp) + Temp, gaussian) -599.3 6.5 1211.9 0.8 0.2
gam(Y ~ Comp * Temp, gaussian) -599.9 6.0 12122 1.1 0.2
gam(Y ~ Comp + Temp, gaussian) -602.1 4.0 12124 1.3 0.2
gam(Y ~ Temp, gaussian) -613.3 3.0 12327 216 0.0
gam(Y ~ s(Comp), gaussian) -658.9 25 13229 1118 0.0
gam(Y ~ Comp, gaussian) -659.7 2.0 13234 1123 0.0
gam(Y ~ 1, gaussian) -666.5 1.0 13351 1240 0.0
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Table A.6 Statistical results for male pupal body mass (Y) as a function of food abundance, competitor

density (Comp) and temperature (Temp). Gam is generalized additive model and s is smooth function.

The food experiment

Statistical Model LL k AIC. AAIC. Weight

gam(Y ~ s(Food, by=Temp) + Temp, gaussian) -608.6 18.4 1257.2 0.0 0.6

gam(Y ~ s(Food) + Temp, gaussian) -617.3 11.0 1257.8 0.6 0.4
gam(Y ~ s(Food), gaussian) -621.8 9.1 12626 55 0.0
gam(Y ~ Food + Temp, gaussian) -667.7 4.0 1343.6 86.5 0.0
gam(Y ~ Food * Temp, gaussian) -667.3 6.0 1347.0 89.9 0.0
gam(Y ~ Food, gaussian) -6744 2.0 13528 95.6 0.0
gam(Y ~ Temp, gaussian) -735.7 3.0 14775 2204 0.0
gam(Y ~ 1, gaussian) -740.9 1.0 14837 226.6 0.0

The competition experiment

Statistical Model LL k AIC:. AAIC. Weight
“gam(Y ~ s(Comp) + Temp, gaussian) ~ -508.7 43 10260 00 05
gam(Y ~ Comp + Temp, gaussian) -509.0 4.0 1026.1 0.0 0.5
gam(Y ~ s(Comp, by=Temp) + Temp, gaussian) -507.9 6.6 10294 34 0.0
gam(Y ~ Comp * Temp, gaussian) -508.9 6.0 1030.3 4.2 0.0
gam(Y ~ Temp, gaussian) -518.3 3.0 1042.7 16.7 0.0
gam(Y ~ Comp, gaussian) -535.2 2.0 10744 483 0.0
gam(Y ~ s(Comp), gaussian) -535.2 2.0 10744 483 0.0
gam(Y ~ 1, gaussian) -542.3 1.0 1086.6 60.5 0.0
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Table A.7 Statistical results for fecundity () as a function of food abundance, competitor density (comp)

and temperature (temp). Gam is generalized additive model and s is smooth function.

The food experiment

Statistical Model LL k  QAIC. AQAIC:. Weight
“gam(Y ~ Food + Temp, quasipoisson) ~ -8650.1 40 2345 00 05
gam(Y ~ s(Food) + Temp, quasipoisson) -7990.7 12.0 2346 0.1 0.5
gam(Y ~ Food * Temp, quasipoisson) -85755 6.0 236.8 23 0.0
gam(Y ~ Food, quasipoisson) -9168.2 2.0 2439 94 0.0
gam(Y ~ s(Food), quasipoisson) -8543.8 10.0 2446 101 0.0
gam(Y ~ s(Food, by=Temp) + Temp, quasipoisson) -7314.7 29.7 261.1 26.6 0.0
gam(Y ~ Temp, quasipoisson) -10484.7 3.0 280.4 459 0.0
gam(Y ~ 1, quasipoisson) -10877.8 1.0 286.6 52.1 0.0

The competition experiment

Statistical Model LL k  QAIC. AQAIC. Weight
“gam(Y ~ Comp, quasipoisson) ~ -45227 20 3039 00 09
gam(Y ~ Comp + Temp, quasipoisson) -4490.3 4.0 3059 20 0.1
gam(Y ~ Comp * Temp, quasipoisson) -4471.4 6.0 3088 5.0 0.0
gam(Y ~ 1, quasipoisson) -4680.6 1.0 3123 84 0.0
gam(Y ~ Temp, quasipoisson) -4647.1 30 3142 103 0.0
gam(Y ~ s(Comp), quasipoisson) -4466.2 9.7 3165 126 0.0
gam(Y ~ s(Comp) + Temp, quasipoisson) -4433.8 117 3189 150 0.0

gam(Y ~ s(Comp, by=Temp) + Temp, quasipoisson) -4079.3 29.1 3385 34.6 0.0
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Table A.8 List of parameters of the model with their default values at 16 and 28 °C.

Parameter Default value Default value Unit Description Source
16 °C 28 °C
Resource
B 291.7 720 mg.day! | Resource recruitment rate Competition experiment
Consumer
k 58 65 _ Total number of larval sub-stages Empirical data
0 3755 1541.5 mg Inflection pomt. for realized ingestion rate in function of Fit to food experiment
resource density
I 1608.2 233.4 mg.day! | Maximum ingestion rate for heaviest larvae Empirical data
¢ 490 18.4 B Half saturation point for maximum ingestion rate in function Empirical data
of body mass
mg 0.003 mg Mean initial larval body mass Empirical data
mg 32 27.8 mg Mean final larval body mass gain for females Empirical data
£ 0.37 0.22 _ Conversion coefficient from ingested food to usable energy = Fit to food experiment
c 0.015 0.027 B :;?gversmn coefficient from body mass to maintenance Fit to food experiment
tmax 125 30 day Maximum female development time Empirical data
hy 0.008 0.033 day? Minimum daily female development rate Empirical data
Or 0.53 1.77 day? Daily mortality rate for starvation Empirical data
6p 0.001 day? Daily mortality rate from interference competition Varied
9 0.008 day™t Daily impact on net production rate from interference Varied

competition
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Table A.9 Estimated interaction surface displaying density-dependent instant mortality coefficients for

each larval instar depending on the larval instar of competitors (Nelson et al. 2019).

Competitor larvae

Recipient larvae Instar 1 Instar2 = Instar3  Instar4  Instar5
Instar 1 0 0 0.003 0.039 0.063
Instar 2 0 0 0.023 0.072 0.067
Instar 3 0 0.002 0.037 0.149 0.072
Instar 4 0 0 0.028 0.062 0.059
Instar 5 0 0 0.015 0.043 0.045
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Table A.10 Comparing observed with predicted life-history patterns across temperatures using maximum likelihood estimate (MLE) and
Kullback-Leibler divergence (KLD). KLD is for two replicates of cohorts of larvae (Figure A.7) and is the average KLD across all competitor

density treatments. Bold numbers are the best model versions of competition explaining life-history patterns.

16 °C 22°C 28 °C

Model versions of competition MLE  MLE KLD MLE MLE KLD MLE  MLE KLD
Surv Dev Rep 1,2 Surv  Dev Rep 1,2 Surv Dev Rep 1,2

Exploitative and Asymmetric =~ 0.25  0.007 0.29 011 0.26 0.46  0.007 0.36
interference on

mortality Symmetric 039 | 0006 0.7 - 050 0008 033 013 0.70 - 0.41 -
Exploitative and Asymmetric -- 021 019 - 0022 036 0.24 - 0025 045 042
interference on

mortality andenergy ~ Symmetric 032 NONOASNOMAN 021 039 0026 055 035 057 0032 056 051
Exploitative 237 0012 072 092 191 0031 123 080 194 0053 088 0.72

Exploitative and interference on energy 2.16 0.029 163 190 133 0.044 164 122 1.33 0.031 126 114
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Figure B.1 Wet to dry mass relationships for i) larvae and ii) plant diets.
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Figure B.2 Diet specific ingestion rates for each treatment. The consumption of plant diet was similar in
the flexible choice treatment (light blue) compared to the controlled alternating days treatment for female
(i) and male (ii) larvae. The consumption of conspecific diet was lower in the flexible choice treatment

(light blue) compared to the controlled alternating days treatment for female (iii) and male (iv) larvae.
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The bioassay

C.1 Materials and methods
A bioassay experiment was conducted to assess the impact of the insecticide spinosad on larval mortality,
larval development time and body mass at pupation. The experiment ran in November and December
2019. Late second instars of A.honmai from the stock culture of Queen’s University were used.
Insecticide treatments were a control and 9 doses of spinosad: 0.001, 0.01, 0.10, 0.50, 1.5, 5, 20, 60 and
300 ppm. Insecticide doses encompassed worldwide field doses that range between 60 and 100 ppm
(FAOQ, 2020; Kaminuro et al. 2019; Uchiyama and Ozawa 2014). Insecticide solutions were prepared as
described in the main methods and then mixed with food. A big chunk of food was given to a single larva
on the first day of the experiment and there was no replacement of food over time. There were 42
replicates for each treatment leading to a total of 420 individuals. Individuals were monitored every day
for death. We measured body mass and sex of larvae that pupated. A probit regression was fitted to the
mortality curve to estimate the LDso (lethal dose to half the population). ANOVA tests were used to look
for an effect of insecticide dose on development and body mass. For any effect that was statistically
significant, we ran pairwise comparisons using Tukey HSD statistical tests between each dose and the

control.

C.1 Results

We estimated the lethal dose for half the larval population (LDsg) to 0.37 ppm (Figure C.1). Larval
development was significantly impacted by doses of 0.10 ppm or higher doses (ANOVA, y is logl0
transformed: Fs117=37.29, p<0.001, Figure C.2). For instance, when exposed to 0.5 ppm spinosad, females
took 13.6 days longer to develop through the larval stage than the control (TukeyHSD, p<0.001), and males
took 11.6 days longer (TukeyHSD, p<0.001). Body mass at pupation was significantly impacted by 0.10
ppm spinosad or higher doses (ANOVA, Fs117=10.33, p<0.001). For example, when exposed to 0.5 ppm
spinosad, females pupated 12 mg lighter than the control (TukeyHSD, p<0.001) and males pupated 4.9 mg
lighter (TukeyHSD, p<0.001). Interestingly, 0.001 ppm spinosad had a positive effect on male body mass,
who were 2.3 mg heavier at pupation than in the control (TukeyHSD, p=0.038).
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The effects of spinosad and competitor density on sex ratio and on coefficient of variance

Sex ratio and coefficient of variance (CV) for development and body mass were calculated for each
cohort of larvae. We tested whether sex ratio and CV respond to changes in competitor density and
insecticide, independently for each sex. We used AICc to select for best models derived from suites of
GAMs (Table C.4).

Competitor density increased the proportion of females compared to males (Table C.4). Low dose

insecticide did not impact sex ratio but high dose insecticide increased the proportion of females to males
by about 12% (Figure C.7; Table C.4). At competitor density of 45 without insecticide 45% of the larvae
were females and 55% were males, while with high dose insecticide 56% of the larvae were females and

44% were males.

CV was higher for body mass than for development but was similar across sexes (Figure C.8). Competitor
density increased CV for both development and body mass (Table C.4). Low dose insecticide had
insignificant effects on CV for body mass but increased CV for development (Table C.4). High dose
insecticide strongly increased CV for development and CV for female body mass, but only slightly

increased CV for male body mass (Table C.4).

References

FAQ. 2020. FAOSTAT. Food and Agriculture Organization of the United Nations,
http://www.fao.org/faostat/en/?#data/.

Kamimuro, T., Higashitarumizu, S., Fukuda, T., Suenaga, H. and Nomura, M. 2019. Effects of direct or
indirect treatment with insecticides on adult tea leafroller, Caloptilia theivora (Lepidoptera:
Gracillariidae), and its progeny. Applied Entomology and Zoology 54, 377-387.

Uchiyama, T. and Ozawa, A. 2014. Insecticidal activity of spinosyn insecticides in the adult of the
smaller tea tortrix Adoxophyes honmai Yasuda. Annual Report of the Kansai Plant Protection 56,
99-101.
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Figure C.1 The effect of spinosad on the through-stage mortality of larvae. A probit regression (full line;
dotted lines show 95% CI) was fitted to the data and estimated LDso to 0.37 ppm spinosad.
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Figure C.3 The effects of spinosad and food abundance on larval development time and pupal body

mass. Females are shown in a) and ¢) and males are shown in b) and d).
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Figure C.5 A — The effects of spinosad and competitor density on cohort mean male body mass at pupation (n=155). Boxplots show data

distribution for each treatment. Lines are fitted values from the best model. B — The effect of insecticide on how exploitative competition

impacts mean male body mass (exploitation experiment). C — The effect of insecticide on how exploitative and interference competition

impact mean male body mass (interference experiment). L is for number of larvae and F is the per-capita food abundance.
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Figure C.6 Demography of cohorts of 45 larvae over time with low and high doses of spinosad. Larvae leave the cohorts because they died.
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variation (CV)) in traits. Boxplots show data distribution for each treatment. Lines are fitted values from

the best model.
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Table C.1 Suites of models that test for the effects of spinosad and food abundance on life-history traits
of isolated larvae. Selected best models (highlighted) for predictions favorize for the effect of insecticide
when plausible.

Models logLik AICc dLogLik dAICc df

Probability of survival (binomial; dispersion=0.69; use of QAICc)

glm((Alive,Dead) ~ Spinosad) -36.5 1144 4.1 0 3
glm((Alive,Dead) ~ Spinosad + Food) -36.4  116.3 4.2 1.9 4
glm((Alive,Dead) ~ Spinosad * Food)  -36.3  120.2 4.3 5.8 6
glm((Alive,Dead) ~ 1) -40.6  122.3 0 7.9 1
glm((Alive,Dead) ~ Food) -40.6  124.2 0.1 9.8 2
Development time (poisson; dispersion=0.24; use of QAICc)

glm(Time ~ Spinosad + Food + Sex) -764.9 6410.8 0.5 0 5
glm(Time ~ Food + Sex) -765.4 6410.9 0 0.1 3
glm(Time ~ Food * Sex) -765.4 6412.6 0.1 1.7 4
glm(Time ~ Spinosad + Food * Sex) -764.9 6412.7 0.5 1.9 6
glm(Time ~ Spinosad * Food + Sex) -764.7 6413 0.7 2.2 7
glm(Time ~ Spinosad * Sex + Food)  -764.9 6414.9 0.5 4 7

gim(Time ~ Spinosad * Food * Sex) ~ -764.4 64211 1.1 102 12

Body mass (gaussian; Y is transformed to ~0.25)

glm(Weight ~ Food * Sex) 358.1 -706 47.5 0 5
glm(Weight ~ Spinosad + Food * Sex) 359.6 -704.8 48.9 1.3 7
glm(Weight ~ Spinosad * Food * Sex) 362.6  -698 52 8 13
glm(Weight ~ Food + Sex) 310.6 -613.2 0 92.9

glm(Weight ~ Spinosad + Food + Sex) 311.1  -610 0.5 96.1

4
glm(Weight ~ Spinosad * Food + Sex) 314.4 -612.3 3.8 937 8
6
glm(Weight ~ Spinosad * Sex + Food) 311.4 -606.3 0.8 99.7 8
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Table C.2 Suites of models that test for the effects of spinosad and competitor density on life-history

traits. Selected best models (highlighted) for predictions favorize for the effect of insecticide when

plausible.

Models logLik AlCc

Probability of survival (binomial)

gam((Alive,Dead)~s(Density)+Spinosad) -363.7
am((Alive,Dead)~s(Density,

g ((_ )_( ty .y
by=Spinosad)+Spinosad)

gam((Alive,Dead)~s(Density, by=Spinosad)) -363
gam((Alive,Dead)~s(Density)) -384.6

Mean development time (gaussian; Y is transformed to ~0.25)

gam(Time~s(Density)+Spinosad+Sex 623.1
gam(Time~s(Density, by=Spinosad)+Spinosad+Sex  624.6
gam(Time~s(Density)+Spinosad*Sex 623.8
gam(Time~s(Density, by=Spinosad)+Spinosad*Sex  625.4
gam(Time~s(Density)+Sex 587.7
gam(Time~s(Density)+Spinosad 575.2

Mean body mass (gaussian; Y is transformed to ~0.25)
gam(Weight~s(Density,

by=Spinosad)+Spinosad*Sex
gam(Weight~s(Density)+Spinosad*Sex 516.6
gam(Weight~s(Density,

521.7

by=Spinosad)+Spinosad+Sex P13
gam(Weight~s(Density)+Spinosad+Sex 508.4
gam(Weight~s(Density)+Sex 495.7
gam(Weight~s(Density)+Spinosad 238.7
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735.7

737.2

741.6
773.3

-1233.1
1231.5
-1230.2
-1228.7
-1166.6
-1140.2

-1018.4

-1016.4

-1006.4

-1004.5
-083.2
-467.3

dLogLik dAICc df

20.9

22.4

21.6

47.9
49.4
48.6
50.2
125

282.9

2779

274.4

269.7
257
0

1.5

5.9
37.6

1.6

2.9

4.4
66.5
92.9

12

13.8
35.2
551.1

6.1

7.4

6.4
8.6
8.4
10.6
4.3

11.9

8.2

9.6

4.1



Table C.3 The predicted effect of spinosad on life-history traits with or without interference. Numbers
are percent change in traits from the control and are given for low and high levels of intraspecific
competition (low or high food abundance treatments from the exploitation experiment; competitor density

treatments of 5 or 45 from the interference experiment).

o Probability Development time Body mass
Insecticide Interference )
of survival Females Males Females Males
without -3.2,-2.6 -14,-14  -14,-14 -0.8,-0.9 -0.9,-0.9
Low dose )
with -3.0,-2.1 1901 2.0,0.1 -1.7,-0.6 -3.3,-2.2
(LDos) .
difference 0.2,0.5 33,15 34,15 -0.9,0.3 -2.4,-1.3
. without -6.4,-5.2 17,17 17,17 -2.9,-34 -3.2,-34
High dose )
with -4.1,-19.5 56,71 5.7,7.2 -11.2,-94  -51,-25
(LDoe) .
difference 2.3,-14.3 3.9,54 4,55 -8.3,-6.0 -1.9,0.9
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Table C.4 Suites of models that test for the effects of spinosad and competitor density on sex ratio and

coefficient of variation for development and body mass. Selected best models (highlighted) for

predictions favorize for the effect of insecticide when plausible.

Models logLik AICc dLogLik dAICc df
Sex ratio (gaussian; y is square-rooted)
gam(Sex ratio~s(Density) -31.1 68.3 0.0 0.0 3
gam(Sex ratio~s(Density)+Spinosad -29.9 70.1 1.2 1.9 5
gam(Sex ratio~s(Density, by=Spinosad)+Spinosad -28.4 73.0 2.7 4.7 7.7
Female CV development time (gaussian)
gam(Time~s(Density)+Spinosad) -4215  856.2 3.5 0.0 6.3
gam(Time~s(Density, by=Spinosad)+Spinosad) -418.3  856.3 6.6 0.1 9.2
gam(Time~s(Density) -4249  858.7 0.0 2.5 4.3
Male CV development time (gaussian)
gam(Time~s(Density, by=Spinosad)+Spinosad) -4114  837.7 7.7 0.0 7
gam(Time~s(Density)+Spinosad) -413.7  837.9 5.4 0.2 5
gam(Time~s(Density) -419.1 8444 0.0 6.7 3
Female CV body mass (gaussian)
gam(Weight~s(Density)+Spinosad) -4979 1144 4.1 0
gam(Weight~s(Density, by=Spinosad)+Spinosad) -4959  116.3 4.2 1.9 4
gam(Weight~s(Density) -502.9 120.2 4.3 58 6
Male CV body mass (gaussian)
gam(Weight~s(Density) -465.0 936.1 0.0 0 3
gam(Weight~s(Density)+Spinosad) -463.6  937.6 1.3 1.6 5
gam(Weight~s(Density,by=Spinosad)+Spinosad) -4619  938.9 31 2.9 7.2
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Appendix D

Rearing the pest moth in the laboratory
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Origin and stocking of stock culture

The original stock of Adoxophyes honmai of Queen’s University was collected in Kagoshima Tea
Experiment Station, Tsukuba, Japan (NIAS), in 2013. Since, the stock is reared in the animal care facility
in the Bioscience Complex at Queen’s University at 22°C (+2°C), 14h light and 10h dark photoperiod
regime and at 80% relative humidity. In August 2020, the stock culture had around 67 generations. | tried
to keep about 300 adult moths at all times (accounting for the two populations). Animals are housed in
different containers depending on their life stage. Larvae feed on artificial plant-based diet, SilkMate
2M® (Nihon Nosan-Kogyo Co. Ltd.), that we prepare in the lab. I maintained the stock every second day
for the first 4 years of my PhD and then every four days.

Standard Operating Procedures (SOP) for Plant Pest Containment Level 1

D.1 Containment Zone SOP
The containment zone has two levels. The primary level are the containers used to house the moths,
which are air-tight plastic containers (20x15x13 cm) for the eggs and larvae, closed plastic Dixie cups (4
0z) inside sealed plastic containers (30x20x15 cm) for the pupae, and sealed plastic bags (4 I) for the adult

moths.
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The secondary level is the building rooms with all vents and drains covered in mesh. There are three
rooms, 1218, 1218A & 1218B of the animal care facility. The outer room 1218 houses the handling
station for the larvae and pupae, the microscopy station, the media preparation station and a fridge to store
the media. The inner room 1218A houses the primary containers and a freezer in which the Biohazard
waste (dead moths) is stored. The second inner room 1218B houses the experimental populations of moth.

Both inner rooms house a handling station for the transfer of the eggs and adult moths.

The largest risk of containment failure is when the moths are moved from their primary containers to new
primary containers for maintenance, monitoring and microscopy, because larvae can crawl, and adults can
fly. The following procedures are designed to prevent containment failure:

a. Monitoring and measurements of the adult moths and transfer from primary containers to new
primary containers of the eggs and the adult moths must only be done in the inner rooms 1218A
and 1218B because the inner rooms have a screen door to prevent escape of adult moths to the
outer room. Transfer of the eggs and the adult moths for the maintenance of the stock culture must
be done in the inner room 1218A while the monitoring and measurements of the adult moths from
the experimental populations must be done in the inner room 1218B. Adult moths are transferred
from closed cups to closed plastic bags following the detailed methods described in the Moth
Handling SOP.

b. Transfer from primary containers to new primary containers of larvae and pupae are to be done at
the handling station in the outer room 1218. Monitoring and measurements of the eggs, larvae and
pupae are to be done at the microscopy station in the outer room 1218.The researchers can carry
primary containers of eggs and larvae out of the inner rooms to the outer room following the steps
mentioned in section D.1.c. The handling station is a white piece of plastic sheet that covers the
table. The white of the handling station helps the researchers to be cautious of larvae crawling out
of the primary container to allow the secured containment of eggs, larvae, and pupae. Eggs are
transferred from plastic bags to air-tight containers, larvae are transferred from air-tight containers
to air-tight containers, new pupae are transferred from air-tight containers to closed cups which are
housed in sealed plastic boxes. All insect maintenance and measurements are done according to

the Moth Handling SOP. Once maintenance and measurements are completed, insects are to be

returned to the primary-level containment by following the steps mentioned in section D.1.c.
c. The inner rooms have a double door system, which allows the researchers to create a moth free

space before entering the inner rooms. To use this effectively, the researchers must
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1.look through the window of the door from the outer room to perform a visual inspection
of the transition chamber to ensure that it is free of moths.

2.enter the transition chamber and close the door from the outer room before opening the
screen door that leads to the inner room.

3.once in the inner room, the researcher must close the screen door.

When the researchers leave an inner room, the researchers must
1. look around the inner room and throughout the screen door to ensure that the inner
room and the transition room are free of moths.
2. open the screen door, walk in the transition room, and visually scan the transition
room to ensure that it is free of moths.
3. open the door that leads to the outer room, walk out from the inner room, and close

the door

Moths entered the containment zone upon arrival into Canada, and only dead moths will leave via the
Disposal SOP. The movement of moths into and out of the containment zone must be documented on the
Containment Zone Movement Reporting Sheet.

Any unintentionally introduced pests must be rendered non-viable, including those contaminating

cultures. Preferred method is to autoclave the culture.

D.2 Containment Failure SOP
In the event of containment failure, the first line of action is to locate all moths. All moths should be
captured using a piece of tube (length 10cm, @ 1cm) and put back into the stock culture or experimental
populations. If the moths are damaged during the capture they should be killed using the 70% ethanol and
disposed of as detailed in the Disposal SOP. Any loss of primary or secondary containment must be
immediately reported to Dr. Nelson and then documented on the Incidence of Containment Failure record

sheet.

D.3 Disposal SOP
Moths will be removed from the containment zone using the following SOP.
Any live eggs, pupae and larvae that need discarding will first be put in a disposal plastic container
(20x15x13cm). Live animals are killed using 70% ethanol. Dead eggs, pupae and larvae, perished food,
frass, and any material (paper, cotton pad) used to clean up the primary containers is put in the disposal
container. At the end of the maintenance work, the disposal container is brought to the inner room 1218A
and emptied in the designated autoclave bag (60x76cm) that is stored in the freezer. Dead adult moths are
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placed in air-tight disposal container while inside the inner rooms and brought to the inner room 1218A to

be disposed in the designated autoclave bag located in the freezer.

When the autoclave bag is sufficiently full, it is double bagged and brought up outside the containment
zone to the autoclave room on the 2nd floor of the Biosciences Complex. The movement of moths out of
the containment zone must be documented on the Containment Zone Movement Reporting Sheet. The
researchers autoclave the frozen biohazard waste following the facilities SOP (SOP-Biosafety-09).
Autoclaving is done at 121C for 50min, and is checked regularly for biological indicators to ensure
efficacy as per the Queen’s biohazard SOP (SOP-Biosafety-09). Because of the very bad smell the

autoclaved waste develops we are now incinerating the frozen waste.

The movement of biohazard and non-biohazard waste out of the containment zone must also be

documented on the Containment Zone Movement Reporting Sheet.

D.4 Moth Handling SOP
Methods to transfer moths from the primary containers to new primary containers differ depending on the
life stage. All equipment required for the transfer of moths is kept in the outer room and must be washed
with water and soap and then sprayed with 70% ethanol at the end of each day. The moth handling
stations in the inner rooms have their own set of equipment. To minimize the risk of losing insects, only

one primary container should be open at a time.

The researchers maintain the stock culture every 4 days. Newly hatched larvae are transferred from egg
containers to new containers with food. Once larvae have grown bigger in size they produce enough silk
to attach the food to the bottom of the container. The researchers then turn upside down the containers of
larvae to allow separation of frass from the food where frass drops on the lids. Lids that hold too many
frass are replaced with new lids. If the food in the containers of larvae has started to perish the researchers
must transfer all larvae to new primary containers following the methods described below. Larvae that
have pupated are transferred to closed cups and these cups are housed in sealed large plastic containers.
Once a few adults have emerged from the pupae cups the researchers must transfer all moths from the
pupae cups (adults and pupae) in new plastic bags. Adult moths lay egg masses on the surface of the
plastic bags. Once almost all or all moths are dead, we collect bags and cut egg masses from bags and
transfer eggs to new egg-containers. Detailed methods of the transfer of moths for each life stage are

described here:
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a.

Newly hatched larvae are transferred in new containers. At least 2 containers of each 100 larvae are
made every maintenance day.
Material: disposal container, egg container, new container, food container, 70% ethanol, paper towel
Method: 1. crumble food in new container
2. take off the lid from egg container with newborn larvae in the inside of the lid
3. close the new container with food with the lid from the egg container
4. if all eggs in the egg container are white, eggs have hatched. There is no longer need
for the container. Spray egg container with 70% ethanol and wipe container with paper
towel to kill all remaining larvae. Displace paper towel in disposal container. Clean egg
container with water and soap and then spray it with 70% ethanol
5. if some eggs are yellow and/or black, some individuals haven’t hatched. Add a new lid
on egg container
Larvae are transferred to new containers if food is perishing. About 5 containers of 50 larvae are
transferred every maintenance day.
Material: disposal container, 1 container of larvae, 1 new container, food container, paintbrush,
tweezers, spatula, 70% ethanol, paper towel
Method: 1. crumble food in new container
2. use a paintbrush or tweezers to slide each larva from old container to new container
3. close new container with lid
4. spray old container with 70% ethanol and dispose all waste in disposal container using
the spatula and paper towel
5. clean spatula, tweezers, paintbrush, container and lid with water and soap and then
spray all material with 70% ethanol
Pupae are transferred from containers of larvae to cups. About 2 to 4 new cups of 20-30 pupae are
made every maintenance day.
Material: disposal container, containers of larvae, Dixie cups, perforated lids, tweezers, spatula,
70% ethanol, paper towel
Method: 1. check for pupae in containers of larvae
2. take each pupa using tweezers
3. put about 20 pupae per cup
4. sealed each cup with perforated lid
5. place closed cups in the sealed pupae container that should contain a wet cotton pad
6. if the container of larvae is out of moth then spray it with 70% ethanol and discard

waste in disposal container using spatula and paper towel
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7. clean all material with soap and water and spray all material with 70% ethanol
Newly emerged adult moths are transferred from pupae cups to plastic bags. At least 2 new adult
bags of 40-50 individuals are made every maintenance day.
Material: disposal container, cups of pupae, plastic bag, stapler, cotton pad, tape, distilled water,
sugar, spatula, 70% ethanol
Method: 1. staple a cotton pad inside a plastic bag, moisten cotton pad with distilled water,
and sprinkle a pinch of sugar on cotton pad
2. tape the top of the plastic bag to the edge of the shelve
3. check cups for newly emerged adults
4. pour each cup (pupae and adults) that have a least a few emerged adults in
plastic bag. About 2 cups of pupae per bag.
5. fill the bag with air and tie a knot
6. discard all pupae shell in disposal container using spatula
7. clean all material with water and soap and then spray with 70% ethanol
Eggs are transferred from plastic bags to new containers. About 2 containers of 100 egg masses (a
egg mass is of 5-150 eggs) are made every maintenance day.
Material: disposal container, plastic bags of adult moths and eggs, new containers, scissors,
distilled water, cotton pad, 70% ethanol
Method: 1. take a plastic bag of adult moths in which almost all or all moths are dead
2. use scissors to make a small cut at the top of the bag to let the air out of the
bag
3. shake the plastic bag for all moths (alive and dead) to be at the bottom of the
bag
4. hold with one hand the bottom part of the bag with all the moths.
5. make sure the top part of the bag is free of moths
6. use scissors to cut the bag in two, above your hand, and spray the bottom half
that holds all the moths with 70% ethanol
7. discard the bottom half of the bag in the disposal container
8. place the upper part of the bag that holds the eggs in a new container
9. add half a cotton pad moisturized with water to the new container
10. close the new container

11. clean all material with water and soap and then spray with 70% ethanol
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When doing measurements of adult moths, the researchers have to be very careful and ensure the moths
don’t fly away. If moth measurements (all stages) are to be taken, the moth is first placed in a petri dish
on ice until the moth stops moving. The ice comes from the freezer. Measurements are done quickly and
the insects are returned to the experimental containers before they warm and start moving again. If adults
are being transferred to new containers to measure fecundity, then the researcher can use plastic tubes
(length 10cm, @ 1cm) to transfer them. All equipment required for measurements must be cleaned with

water and soap and sprayed with 70% ethanol at the end of each day.
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Appendix E

The effects of water and sugar on adult longevity and fecundity

List of figures
Figure E.1 The effects of water and sugar on adult time of femalesand males. .....................ocoeeinnin. 178

Figure E.2 The effects of water and sugar on fecundity. ...............ooiiiiiiii e 179

In the first year of my PhD (2015-2016), the adult moths in the lab lived half the adult time of moths in
nature (6-7 days vs 14 days) (Nabeta et al. 2005). We discussed the problem with Japanese entomologists
who suggested to add some sugar to the water given to the moths to increase their life quality in the lab. |
conducted a micro-experiment to test whether sugar in water would improve the moth longevity and
fecundity in the lab.

The experiment involved nine groups of adults, each made of four females and four males, reared under
three water treatments: a control without water, one treatment with water and a last treatment with added
sugar to the water. The experiment started with individuals in the pupal stage, that had pupated the same
day, to ensure similar day of adult emergence and no mating before the experiments. Each group was set
up in a transparent airtight container (20x15x10 cm). | added a cellulose sponge soaked with water,
placed into a petri dish (a: 4 cm, h: 2 cm), within three group containers. | added a cellulose sponge
soaked with sugar water for three other group containers. | added a dry cellulose sponge in the last three
group containers. The sugar concentration in water was similar to the one used to rear codling moth
(Cydia pomonella), another Tortricidae species (Dyck 2010). I used 3.2 g of sucrose for 100 ml of
distilled water. Every second day, | recorded the number of pupae and adults, if they were alive or dead,
their sex, and the number of new eggs in each new egg mass. | used one-way ANOVA to test whether

water treatment affects adult longevity.

The treatments had a significant effect on the adult lifetime (df;.49, p<0.001, Figure E.1). Water is
determinant of the adult lifetime. Adults lived on average 7 days when they had access to water compared
to 5 days when they had no access to water. The addition of sugar to water greatly improved adult

lifetime. Adults lived almost twice longer with sugar water than with water.
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From plotting the number of eggs over time (Figure E.2), we can see the positive effects of water and
sugar water on fecundity. Without water, moths laid very few and very small egg masses. With water,
moth laid eggs for five days, with big egg masses (averaging 100 eggs each) early on and smaller egg
masses (averaging 25 eggs each) in the last days. Females increased egg laying time period and the

number of laid egg masses with the addition of sugar in the water.

In summary, this study shows that adding sugar in water can improve the adult life quality in the lab and

can allow lab moths to have similar life characteristics than moths living in the field (Nabeta et al. 2005).

References
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Figure E.1 The effects of water and sugar on adult time of females and males. Since | could not ID the moths, | assumed that the first-emerged

adult was the first to die and so on, to estimate adult longevity.
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Figure E.2 The effects of water and sugar on fecundity. Number of observations are 42 egg masses for 7
females in the no water treatment, 33 egg masses for 7 females in the water treatment and 112 egg masses

for 10 females in the sugar in water treatment.
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Appendix F

Larval ingestion rate across a wide range of temperatures

List of figures
Figure F.1 Feeding rates of larvae in function of temperature and instar.................................... 182

Body size and temperature are known to influence ectotherm feeding rates (Kingsolver, 2008). Using a
lab experiment, | assessed the feeding rates (mg/day) of larvae in function of instar and temperature. The
experiment was conducted across 5 larval instars and 14 temperatures, ranging from 8 to 34 °C.
Temperature range was suggested to include the lowest and highest temperature thresholds where larvae
are able to survive (Nabeta et al. 2005). The experiment lasted 24h at temperatures above 17 °C and 48h
at cooler temperatures to correct for slower feeding rate. Larvae were randomly selected from the stock
and randomly assigned to a temperature treatment. Their instar was determined by looking at the size of
the head capsule. Because larvae need some time to adapt to a certain temperature, | transferred larvae to
their assigned temperature 24h before the start of the experiment to ensure accurate measurement of
ingestion. At the start of the experiment, each larva was put in a sealed cell with wet food. Food pellets of
different sizes were made beforehand and dried for 3h at 70 °C for storage. Food pellets in their dry form
of were weighted before and after the experiment using a microbalance (Mettler Toledo, XP2U Ultra-
microbalance, + 1ug). Controls ran without individuals at each temperature (5 controls*5 instars * 14
temperatures=70) to measure food mass before and after food transfer and estimate food mass loss from

manipulation.

Small instars (L1, L2 and L3) consumed too little food to be weighted with the microbalance. To
overcome this problem, I built frames with 30, 16 and 2 chambers for L1, L2 and L3, respectively, using
plastic plates as bottom-base and straws of various diameters for the chambers. One larva was assigned to
one chamber which was later sealed with plastic wrap to ensure no contact with other larvae and no
escape. With this technic, | was able to measure food intake for 30 L1, 16 L2 and 2 L3. L4 and L5 were
put individually in 0.875 0z (25.9 mL) vials. The total sample size was 350 vials/frames = 5 instars * 14

temperatures * 5 replicates and | used a total of 3 500 larvae.
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Larval ingestion rate was estimated using the following equation

(initial food mass — final food mass) * food mass loss(%)
number of larvae per frame or vial

Larval ingestion rate had to be corrected for the number of larvae because some larvae died in the
experiment. Larvae could have died before or after consuming food. Therefore, | calculated the average
ingestion rate between ingestion rate estimated with the initial number of larvae and ingestion rate
estimated with the number of survivors. | tested for a relationship between ingestion rate and temperature
for each instar using model selection with AIC, on a suite of GLM models, with a gamma error

distribution, that included different polynomial functions (zero, linear, quadratic and cubic).

Food pellets ranged from 1.65 to 94.2 mg in dry mass. Food loss due to manipulation was about 0.01%
across temperatures and type of frames/vials. The probability to survive the experiment differed across
larval instars and temperature (binomial(logit) slope +SE for GLM(survivorship = instar * temp) is -0.043
+0.015; X?1.8367; p=0.005). The probability of dying is 0.2 for L1 and 0.1 for L2 at 22 °C. No larvae died
in L3, L4 or L5. Food intake rate is best characterized by a cubic function of temperature for L1.
Ingestion rate of L1 increases up to 28 °C and then decreases with increasing temperature. Feeding rates
of L2, L3, L4 and L5 are best characterized by a quadratic function of temperature (Figure F.1). Ingestion
rate increases with temperature for L2, but reaches a plateau for L3 past 32 °C, and for L4 and L5 past 28

°C. Ingestion rate is higher with bigger larval instar (Figure F.1).
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