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ABSTRACT

Habitat loss from intensive agricultural practices is a primary driver of global insect
decline. While conservation and restoration efforts in agroecosystems often increase beneficial
insect presence, the ecological impact of adopting traditional agricultural techniques as
mitigation strategies remains poorly understood. I investigated the effects of the Indigenous
Three Sisters intercropping method and alternative planting combinations (monocrop and dicrop)
on wild bee and ground beetle communities, as well as crop yield and quality in southern
Manitoba and northern Ontario, Canada. The goal of this study was to establish a baseline of
beneficial insect communities associated with the Three Sisters by comparing communities
observed in alternative crop configurations and in the surrounding natural habitat, while also
evaluating harvest metrics to inform future Three Sisters research. I collected 1,882 bees using
bee bowls, blue vane traps, and targeted aerial netting, and 11,696 beetles using pitfall traps over
two years. Using generalized linear mixed models, I found that the Three Sisters and other
sunflower-containing treatments increased bee abundance and richness relative to other crop
configurations, whereas beetle communities were unaffected by treatment. Within an exclusively
Three Sisters garden, beetle communities were more abundant and diverse than in natural
habitats, while the garden edge had no influence on either insect assemblage. Finally, I found
crop yield and quality did not differ among Three Sisters, monocrop, and dicrop treatments or by
spatial position (exterior vs. interior), but non-parametric testing indicated site location influence
on harvest metrics and potential ecosystem service provisioning. These results indicate that the
Three Sisters system has the potential to enhance insect assemblage and agricultural
performance, but outcomes are highly context dependent. Crop variety and land management
techniques should be considered at local scales in collaboration with Indigenous communities to
guide the balancing of practical, ecological, and cultural considerations to foster long-term

sustainable agriculture.
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INTRODUCTION

Within this study, I examine and compare the influence of intercropping and
conventional monocropping on wild bee and ground beetle communities in southern Manitoba
and northern Ontario. My thesis is organized into three chapters. The first chapter is a literature
review where I explore insights from past publications on the relationships that insects have with
current, traditional, and Indigenous agricultural practices. The second chapter is a research
manuscript that focuses on quantifying wild bee and ground beetle biodiversity found within the
Indigenous intercropping of the Three Sisters and other planting iterations of selected Indigenous
crop plants. Concurrently, this chapter evaluates and compares harvest metrics (yield and
quality) of select Indigenous crops in multiple planting combinations. The third and final chapter
is a second research manuscript that focuses on creating baseline biodiversity metrics for wild
bee and ground beetle communities in Three Sisters gardens compared to the surrounding natural
landscape and exploring possible edge effects. Similar to Chapter two, the Three Sisters crop
harvest metrics are evaluated and compared to one another, including assessing possible edge

effects and inferring pollination and pest control provisioning.

The objectives of this thesis are:

i.  Document wild bee and ground beetle biodiversity and functional composition associated
with Indigenous significant crops grown in monocrop and intercrop systems.
ii.  Establish a baseline of wild bee and ground beetle abundance, diversity, and dietary
specialization associated with the Three Sisters system.
iii.  Evaluate yield and quality of Indigenous significant crops within a variety of planting
combinations and Three Sisters systems and determine ecosystem service influence.
iv.  Use the findings to inform and guide future Three Sisters focused projects and land

management practices for increasing insect biodiversity.

Based on the published literature reviewed in Chapter one, I predict that wild bee and ground
beetle abundance, species richness, and Hill-Shannon diversity will be greater and more
specialized in planting combinations with increased diversity compared to less diverse mixtures,
as well as the surrounding natural landscape. Furthermore, I expect that an exclusively Three

Sisters garden will have greatest insect biodiversity and more specialized bees within its interior
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compared to its edge. Finally, I anticipate greater overall yield and quality of harvest in more
diverse plant mixtures and in the interior of a Three Sisters garden compared to the edge, with
provisioning of potential pollination and pest control services being associated with increased

harvest yield and quality.
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CHAPTER 1: LITERATURE REVIEW

Insects in Agriculture

Insects represent the most dominant and taxonomically diverse group of terrestrial animal
life on Earth, with 1 million named species out of an estimated 5.5—6 million, rendering them
fundamental to the maintenance, regulation, and stability of ecosystem functioning (Mora et al.
2011, Stork 2018, Noriega et al. 2018, Verma et al. 2023). Human socio-economic, cultural, and
health systems are intimately linked to ecosystems as they support a suite of services that directly
and indirectly sustain human well-being (Hooper et al. 2005, Noriega et al. 2018, Verma et al.
2023). Provided by insects, these ecosystem services include provisioning resources such as
food, fiber, and fuel; regulating services involving climate, pest control, decomposition, and
nutrient cycling; and cultural services related to recreation, education, spiritual, and aesthetics
(Hooper et al. 2005, Zhang et al. 2007, Noriega et al. 2018, Verma et al. 2023). Agriculture
represents humankinds most extensive and intensely managed ecosystem on earth and therefore
both relies upon and provides these ecological processes (Zhang et al. 2007, Ritchie and Roser
2019). Within agricultural systems, insects perform a range of essential ecosystem services,
including pollination, pest regulation, organic matter decomposition, and soil nutrient cycling
(Zhang et al. 2007, Verma et al. 2023). To evaluate these contributions, insects are commonly
categorized into functional groups representing a distinct ecological role: pollinators, herbivores,

predators, parasitoids, and detritivores (Zhang et al. 2007).
Ecosystem Services - Functional Diversity
Pollinators

The majority of flowering plants worldwide, including economically important food,
fibre, and forage crops, rely on pollinators to facilitate important steps in a plant’s reproductive
cycle by transporting pollen from the anther of one flower to the stigma of another (Ollerton et
al. 2011). Most flower-visiting insects belong to the four largest insect orders: beetles
(Coleoptera), flies (Diptera), moths and butterflies (Lepidoptera), and bees, wasps, and ants
(Hymenoptera) (Wardhaugh 2015). Bees (Apoidea: Anthophila) are considered the most
important pollinators of the majority of animal-pollinated crops (approximately 75% of crop

species) (Klein et al. 2006, Potts et al. 2010)



Herbivores

Phytophagous insects play a central role in agricultural ecosystems, being both a threat to
a plant’s survival and a driver of plant abundance and diversity (Schuman and Baldwin 2016,
Garcia and Eubanks 2019). Most notable insect orders containing herbivores in descending order
are Coleoptera, Lepidoptera, Hemiptera (true bug), Hymenoptera, Orthoptera (grasshopper,
locust, crickets), and Diptera (Garcia and Eubanks 2019). Generally, insect herbivores feed on all
parts and structures of plants (roots, stems, seeds, etc.), damaging 18% of the world’s crop
production. (Jankielsohn 2018). However, they also provide beneficial regulatory services by
reducing certain pest populations through removing weed communities or signalling plants to

produce defensive metabolites (Schuman and Baldwin 2016, Noriega et al. 2018).

Predators and Parasitoids

Predatory and parasitic insects both play a major role in maintaining ecological balance
within an ecosystem, acting as natural biological control for phytophagous pest populations
(Laxmi Rai et al. 2015, Jankielsohn 2018). Across all life stages, predator insects capture and
feed on many different kinds of prey, allowing predators to survive through limited prey
conditions (Laxmi Rai et al. 2015, Jankielsohn 2018). Whereas parasitoids are more selective in
their prey, killing it or suppressing its growth slowly by laying eggs or living on/in its body
(Laxmi Rai et al. 2015). Both contribute to the regulation of pest populations and are responsible
for 33% of natural pest control seen in agroecosystems (Chellappan and Ranjith 2023).
Predaceous insects are found within approximately 20 insect orders, but parasitoids mainly
belong to two orders: Hymenoptera and Diptera (Laxmi Rai et al. 2015, Chellappan and Ranjith
2023).

Detritivores

The decomposition of vegetation and animal matter is an incredibly important ecosystem
process that changes the structure of habitats and is largely provided by insects (Louzada and
Nichols 2012, Jankielsohn 2018). Insects accelerate the rate organic matter breaks down and is
recycled into the soil through both physical (e.g., shredding, burrowing) and chemical
mechanisms (e.g., feeding aided by enzymes, spreading frass) (Yang 2006, Louzada and Nichols
2012, Verma et al. 2023). Within an ecosystem, insect detritivores are responsible for processing
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95% of all detritus (Yang 2006). Decomposers are found in orders such as Coleoptera,
Hymenoptera (ants especially), Diptera, and Blattodea (termites and cockroaches) (Louzada and

Nichols 2012, Menta and Remelli 2020, Verma et al. 2023). The presence of these detritivores

can also be an indicator of ecosystem health and soil quality (Menta and Remelli 2020).

Key Insect Group - Wild Bees

Bee Diversity

Bees represent more than 20,000 described species across seven families, six of which
occur in Canada (Apidae, Andrenidae, Colletidae, Halictidae, Megachilidae, and Melittidae),
where about 900 species are known (Michener 2007, Canadian Endangered Species
Conservation Council 2022, Gibbs et al. 2023). About half (48%) of the Canadian bee taxa can
be found within the Prairie ecozones (Alberta, Manitoba, and Saskatchewan) (Sheffield et al.
2014). Several non-native species, most notably the European honey bee (4Apis mellifera L.),
have colonized Canada (Caron 2021, Canadian Endangered Species Conservation Council 2022).
The majority of bees are solitary, raising offspring alone, while only 6% of bee species exhibit
eusocial behaviour characterized by division of labour, overlapping generations, and cooperative
brood care (Danforth 2007). Bees also exhibit variation in their foraging strategies and floral

resource use, which fundamentally shape their ecological roles and interactions with plants.

Diet

Nest-building bees are central place foragers, repeatedly returning to stock their nests
with pollen, nectar, and rarely floral oils (Michener 2007, Amaya-Marquez and Wells 2008).
Bees typically forage several hundred metres from the nest, but range varies based on body size,
energetic cost, and habitat quality, making them particularly susceptible to habitat changes
(Greenleaf et al. 2007). Nearly all eusocial bees collect provisions from flowers of many species
(polylectic) but have a tendency to have learned fidelity (floral consistency) to flowers of the
same species on long flights or under conditions where floral reward such as quality or
abundance of provisions is high (Michener 2007, Amaya-Marquez and Wells 2008, Amaya-
Marquez 2009, Nicholls and Hempel de Ibarra 2017). The majority of solitary species are
inherently specialists (oligolectic) with a narrower diet, preferring a single plant species, genus,

or family (Michener 2007, Sheffield et al. 2014). Within Canada, the Prairie ecozone has the



highest percentage of floral specialists, with greatest preference for the daisy family (4steraceae)
(54%), specifically sunflower (Helianthus) (11%) (Sheffield et al. 2014). The level of
specialization in bee diet is referred to as diet breadth or lecty. This species-level functional trait
is typically applied to non-parasitic bees, as parasitic or cleptoparasitic species, which make up a
minority of bee fauna, do not build or provision their own nests but instead lay their eggs in the

nests of other bee species (Michener 2007).
Key Insect Group - Carabid Beetles

Beetle Diversity

Carabid Beetles (Coleoptera: Carabidae), also known as ground beetles, represent a
highly diverse insect family of approximately 40,000 species described globally, 900 being
found in Canada (L&vei and Sunderland 1996, Goulet 2003). Behavioural mechanisms and
physiological modifications have made ground beetles highly sensitive to their surroundings and
led to the development of a flexible set of responses to both abiotic and biotic factors (Lovei and
Sunderland 1996, Larochelle and Lariviére 2003). Consequently, carabids are effective providers
of vital ecosystem services and valued ecological indicators for ecosystem health and habitat
modification (Larochelle and Lariviere 2003, Holliday et al. 2014). Despite their prominence in
ecological studies, the natural history and ecology of most carabid species remain poorly
understood, with information scattered throughout literature, personal communications, and
museum collections, owing to cryptic early life stages, variations in behavioral traits, and
contradictory results between laboratory and field observations (Desender et al. 1994, Lovei and

Sunderland 1996, Holland 2002, Thomas et al. 2002, Goulet 2003, Kotze et al. 2011).

Habitat

Although carabid beetles are known to occur on almost all continents (except Antarctica)
(Desender et al. 1994), it is still undetermined if distributions of specific species are governed by
one, several, or a combination of the factors (Lovei and Sunderland 1996, Rainio and Niemela
2003). The most impactful environmental conditions that greatly influence habitat preference
include land management, temperature, humidity, vegetation, light, season, altitude, food
conditions, presence and distribution of competitors, and soil conditions (Lindroth 1961-1961,

Luff and Rushton 1992, Lovei and Sunderland 1996). Carabid habitat choice is so narrow that



assemblages are often used to characterize habitats (Lovei and Sunderland 1996, Holland 2002),
thus, making carabids successful bioindicators (Rainio and Niemela 2003, Pearce and Venier

20006).

A bioindicator is a species or assemblage that reflects environmental conditions, signals
the impact of change in a community or whole ecosystem, or serves as a proxy for the diversity
of other species (Rainio and Niemela 2003). To be considered a good bioindicator, a species
taxonomy and ecology should be well-known for easy differentiating between natural trends and
those induced by anthropogenic stress, have a cosmopolitan distribution with some
specializations towards certain habitats, be able to provide early warning signs of change, be
easy and cost effective to survey, and its response should reflect the response of other species
(Rainio and Niemela 2003). For instance, in North American agroecosystems, the generalist
species Pterostichus melanarius (Illiger) functions as a bioindicator of agricultural disturbances
(e.g., tilling), with its abundance indicating soil health, vegetation complexity, and altered

ecosystem functioning (Pearce and Venier 2006, Miiller et al. 2022).

Diet

Carabids have a mixed diet, mainly consuming live prey (insects) or carrion, also plant
material either exclusively or interchangeably (Lovei and Sunderland 1996, Holliday et al. 2014,
Sreedevi et al. 2023). Similar to the difficulties determining patterns in habitat preference,
carabid diets are so varied that preferences are mostly generalizations (Lovei and Sunderland
1996, Holland 2002). Because carabid beetles must consume their body mass in food daily,
certain species have long been recognized as important biocontrol agents (Lévei and Sunderland
1996, Sreedevi et al. 2023). Species in the genera Amara, Bembidion, Carabus, Calosoma,
Harpalus, and Pterostichus target a range of aphid species; Dipteran and Coleoptera early life
stages; Lepidopterans; and slugs (Holland 2002, Sreedevi et al. 2023). Although early biocontrol
efforts primarily focused on specialist predators, a generalist’s feeding strategies make them
highly efficient in suppressing pest populations, and more importantly, in prolonging the period
between pest outbreaks (Lovei and Sunderland 1996). In addition, many seed-feeding species
(granivores), such as Amara and Harpalus spp., are effective biocontrol agents of certain weeds

(Lindroth 1961-1961, Sreedevi et al. 2023).



Diversity Equals Function

The hypothesis that biodiversity enhances ecosystem function has become a central
paradigm in ecology. While the idea gained popularity in the 1990s, its conceptual origins date
back further. Charles Darwin (1859) was among the first to suggest multi-species assemblages
leads to improved productivity, with ecologists such as Odum (1953), MacArthur (1955),
Margalef (1969), and especially Elton (1958), later echoing these ideas and theorizing that
mature, diverse ecosystems were also more stable and resilient (Schulze and Mooney 1994,
Tilman et al. 2014). It was not until the studies by Tilman (1994, 1996, 2001) and Naeem et al.
(1994) that these long-standing predictions were empirically validated, redefining biodiversity as

a functional component of ecosystems.

Mechanisms and Metrics of Diversity

The influential and controversial nature of Tilman’s grassland experiments fostered the
expansion of biodiversity ecosystem functioning framework research into different areas of
study, prompting the formulation of exhaustive lists of statistical criteria, analyses, methods, and
mechanisms to assess biodiversity ecosystem functioning and relationships (Tilman et al. 2014,
Brown and Williams 2016, Ali 2023). Taxonomic diversity (distribution of individuals among
species) is the historical standard of measuring, most commonly through species richness (the
number of species), followed by evenness (proportional abundance of each species), and
differentiation (differences in species composition in an assemblage) (Chao et al. 2014a, Brown
and Williams 2016, Jarzyna and Jetz 2016). There are several basic statistical methods for
estimating richness (e.g., rarefaction, bootstrapping, and species-area curves), but because
richness is sensitive to sampling effort and size, these methods do not account for variation in
species relative abundances, and thus cannot reliably predict true community diversity (Chao et
al. 2014b, Brown and Williams 2016, Magurran 2021, Roswell et al. 2021). Diversity metrics,
most notably Shannon’s and Simpson’s indices, incorporate relative abundance by integrating
richness and evenness; however, these indices are expressed in incompatible units and often
exhibit high correlation, complicating interpretation and comparison (Chao et al. 2014b, 2014a,
Roswell et al. 2021). To address these limitations, Mark Hill (1973) developed a unified

framework that integrated species richness, Shannon diversity, and Simpson diversity to behave



in logical ways that summarize the relative abundances, differing in how they scale the rarity of a
species (Jost 2006, 2007, Chao et al. 2014b, Roswell et al. 2021). This approach is known as Hill
diversity, Hill numbers, or the effective number of species. For example, if a part of a
community were removed, all Hill numbers would decrease by a certain proportion (Roswell et
al. 2021). Species Richness gives high leverage to rare species, Hill-Simpson diversity favours

common/dominating species, and Hill-Shannon diversity falls in-between (Roswell et al. 2021).

Analyses focused primarily on taxonomic diversity often fail to capture the differences in
ecological roles, evolutionary histories, and trait variation within a community (Brown and
Williams 2016, Magurran 2021). Leading to other approaches that quantify species from
different perspectives, including functional diversity (differences in species traits and ecological
roles) and phylogenetic diversity (evolutionary relatedness) (Chao et al. 2014a, Jarzyna and Jetz
2016, Magurran 2021). Additionally, the influence of random presence/abundance shifts along a
time or gradient among a community is lacking from traditional species richness but is also
crucial to consider (Brown and Williams 2016, Magurran 2021). For example, two sites can have
similar species abundance and distribution but be assembled differently. In an analysis, ignoring
species composition, such as variation in abundance of wild or specialist taxa, could be the
difference in determining the appropriate way to develop land or select conservation
management practices (Chao et al. 2014b, Socolar et al. 2016, Magurran 2021). To address this,
the concept of three levels of diversity were introduced: alpha (o) diversity (local diversity of a
site or community), beta () (compositional difference of these sites), and gamma (y) diversity
(diversity of all the sites in the entire wider assemblage) (Magurran 2021, Roswell et al. 2021).
Although the three dimensions of diversity (taxonomic, functional, and phylogenetic) focus on
different perspectives of select species, they all can be viewed from the perspective of alpha,
beta, and gamma diversity (Magurran 2021, Roswell et al. 2021). Furthermore, measuring
diversity at only one or a few spatio-temporal scales may still be insufficient to describe
biodiversity gradients in nature; therefore, Hill numbers are commonly used with alpha, beta, and
gamma components to compare patterns across different regions and timescales (Magurran 2021,
Roswell et al. 2021). Of equal importance, and one of the more challenging measures in
biodiversity, is controlling for sampling effort, as the amount of diversity is tied to effort and
scale (Chao et al. 2014b, Brown and Williams 2016, Magurran 2021). Colwell et al. (2012)

unified the rarefaction and extrapolation method for species richness, allowing for



standardization based on sampling efforts, while Chao and Jost (2012) coverage-based approach
standardized based on sample completeness. The integration of these two frameworks and the
three dimensions of diversity within the context of Hill numbers, enhanced cross-system
comparisons and ecological interpretations (Chao et al. 2010, 2014b). These innovations and
others have not only standardized biodiversity measurement in ecologically meaningful ways but
also improved researchers’ ability to link biodiversity with specific ecosystem functions (e.g.,
nutrient cycling, carbon storage, decomposition, resistance to disturbances, and erosion control)

(Diaz et al. 2006, Jost 2007, Chao et al. 2014a, Roswell et al. 2021).

Disturbances to Insect Biodiversity in Agroecosystems

The expansion and intensification of agriculture during the 20" century paralleled the
rapidly growing human population to combat the global food demands, but these gains came
with substantial ecological costs (Tilman 1999). The permanent destruction, degradation, and
fragmentation of non-agricultural ecosystems are among the main consequences of intensive
agricultural practices that now expands over a third of the world’s usable land (Tilman 1999,
Tilman et al. 2011, Dudley and Alexander 2017). Agriculture intensification can be defined as
the modification of natural landscapes and the overtaking of traditional small-scale farming
practices to create large monocultures for the purpose of high crop productivity using techniques
such as the use of fertilizers, pesticides, and high disturbance agronomic practices (e.g., tillage)
(Dudley and Alexander 2017, Raven and Wagner 2021, Hemberger et al. 2021). As a result,
agriculture has become the main driver of global biodiversity decline, encompassing the major
interacting systematic factors responsible for species losses worldwide: habitat loss, intensive use
of pesticides and herbicides, pollution, introduction of invasive species, and climate change
(Norris 2008, Tilman et al. 2011, Dudley and Alexander 2017, Sanchez-Bayo and Wyckhuys
2019, Raven and Wagner 2021, Bali and Kaleka 2022, Dar et al. 2022, Grevé et al. 2024).

Insects are no exception to this decline; however, despite their great abundance, richness,
and cosmopolitan distribution, recognition and concern of widespread insect decline has emerged
only within the past few decades (Dirzo et al. 2014, Sanchez-Bayo and Wyckhuys 2019, Wagner
2020). Long-term studies have revealed striking collapses in insect biomass and richness,
including a steady >70% decline in flying insects across agricultural fields over the past three

decades (Hallmann et al. 2017), and 78%-98% reductions in ground-dwelling and foraging



arthropod biomass (Sadnchez-Bayo and Wyckhuys 2019). Insect declines rarely occur in
isolation, with losses extending across entire lineages and trophic levels, triggering cascading
effects that compromise ecosystem stability and services (Dirzo et al. 2014, Hallmann et al.
2017, Sanchez-Bayo and Wyckhuys 2019, Wagner 2020). Hallmann et al. (2017) and other
studies, such as Benton et al. (2002), document a parallel decrease in insect biomass and
insectivorous vertebrates. The recognized declines in insect biomass and diversity highlight how
intensive agricultural practices have already reshaped ecosystems, and the forecasted need to
double global crop production by 2050 (Tilman et al. 2011) will likely further escalate insect

loss.

Habitat Loss

Habitat loss is the greatest current threat to insects, as it can directly result in the
extinction of species and long-term disruptions to ecological communities (Laurance 2010,
Heinrichs et al. 2016, Bali and Kaleka 2022). It often occurs through human conversion of
natural environments and can be categorized into three processes that often happen
simultaneously (Heinrichs et al. 2016, Bali and Kaleka 2022). The first being habitat destruction,
which involves processes that destroy or damage a natural ecosystem to the point it is no longer
capable of supporting species and ecological communities that it originally sustained (Heinrichs
et al. 2016, Bali and Kaleka 2022). This occurs mainly through land clearing (e.g., deforestation,
tillage) and removal of natural vegetation features (e.g., hedgerows, wind breaks) (Bali and
Kaleka 2022, Grevé et al. 2024). An example of this occurring is the Rocky Mountain
grasshopper (Melanoplus spretus (Walsh)), once a serious agricultural pest with abundances
estimated at 15 trillion individuals across western and central North America, which was forced
into extinction after dramatic expansion of agricultural activity (Gaston and Fuller 2007).
Secondly, habitat degradation is the decline of biological conditions in an ecosystem that further
degrades and reduces the quality of the environment, making it difficult for plant and animal
communities to thrive (Heinrichs et al. 2016, Bali and Kaleka 2022). This happens through
human- and non-human mediated expansion, where land is frequently lost to erosion,
desertification, nutrient depletion, pollution (pesticides/spillover), invasive species, and
overexploitation of natural resources (Gaston and Fuller 2007, Bali and Kaleka 2022). For

instance, neonicotinoid insecticides are widely used in controlling pests found in wheat and



sunflower fields, but also affects non-target beneficials such as bumble and wild bees, both
directly through contact with treated plants and indirectly via spillover, with the eventual residue
accumulation degrading foraging and nesting habitats, increasing mortality rates and weakening
pollination services (Scott-Dupree et al. 2009, Kerr et al. 2015). Thirdly, habitat or land
fragmentation is the break-up of land into smaller, disconnected patches, causing restricted
movement, reduced range, and isolated populations, leading to decreased genetic diversity
(Fahrig 2003, Laurance 2010, Bali and Kaleka 2022). Fragmentation also increases the
proportion of habitat influenced by edges, a phenomenon often referred to as the edge effect
hypothesis, which states that diversity is higher at an edge than in adjacent interiors (Fahrig
2003, Nguyen and Nansen 2018). For instance, ground beetles often show higher abundances
and richness of generalist or disturbance-tolerant species at field margins compared to patch
interiors where altered microclimates and interactions occur, potentially reshaping insect

communities (Magura et al. 2001).

Climate Change

Since industrialization, climate change has rivalled habitat loss as the major driver of
insect decline, as the impact of climactic events on insect abundance, distribution, or phenology
are difficult to predict and not usually apparent until after critical survival thresholds are
surpassed (Travis 2003, Wagner 2020, Hill et al. 2021, Harvey et al. 2023). Rising temperature
alone is a detrimental environmental stressor on insects and interacting species, as it has created
gradual long-term changes such as a longer growing season and variable weather patterns (e.g.,
change in rainfall, snow cover, cloud cover, heatwaves) (Wagner 2020, Harvey et al. 2023).
Culminating in shifts in historical ranges and species density or changes to phenology,
behaviour, and morphology at a species level (Bali and Kaleka 2022, Harvey et al. 2023). For
example, in some insects such as butterflies and moths, elevated temperatures have been found to
correlate with quicker development and decreased body size, jeopardizing dispersal capacity and
fecundity (Hill et al. 2021). However, in some species like North American and European
bumblebees, such plasticity does not occur resulting in permanent range shifts north to higher
elevations and complete disappearance from southern range limits, weakening plant pollinator
networks (Kerr et al. 2015, Scheffers et al. 2016). The rise in temperature is also responsible for

the increase in frequency, duration, and intensity of extreme weather events (e.g., floods, fires,
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tornadoes, hurricanes, volcanic activity, earthquakes, and drought), which amplify the severity of
the consequences above and create new challenges for insect survival (Skendzi¢ et al. 2021,
Harvey et al. 2023). For example, flooding can have direct and indirect effects on soil-dwelling
insects by causing displacement or mortality by drowning, dislodging plants used for shelter or
food and thereby increasing vulnerability to predators, or altering microclimatic conditions that

influence feeding activity or extend development time (SkendZi¢ et al. 2021, Harvey et al. 2023)

Mitigating Insect Decline in Agroecosystems

Based on the impact current drivers of biodiversity loss have on insects, it is speculated
that 40% of the world’s insect species will be extinct within the next few decades (Sanchez-Bayo
and Wyckhuys 2019). To combat this, traditional mitigation approaches such as the expansion of
conservation areas, reduction of chemical inputs, organic farming, and restoration of degraded
landscapes have become widely adopted in biodiversity protection efforts (Dar et al. 2022).
However, applying these strategies within agricultural landscapes presents significant challenges
given the need to maintain and eventually increase global food production; simply reducing the
intensity or scale of agriculture is not feasible (Pretty 1997, Tilman et al. 2011). Modern
agriculture is a dominant and permanent fixture of the landscape. Despite being characterized by
depleted resources, fragmentation, and structural simplification, agricultural land is not a
featureless or universally unsuitable habitat, but a heterogeneous matrix in which “suitability”
varies among species (Norris 2008, Shuey 2013). Recognizing agriculture as a habitat consisting
of natural/seminatural and managed components reframes biodiversity mitigation as a challenge
of integration rather than exclusion (Norris 2008). With this shift in perspective, it is crucial that
biodiversity loss mitigation moves beyond the traditional and often preservationist framework

toward approaches that explicitly operate within production systems.

Sustainable Intensification

The sustainable intensification (SI) of agriculture is a concept of increasing food
production while simultaneously protecting and minimizing damage to the environment through
the integration of management technology and the more efficient utilization of naturally
occurring regenerative resources (Pretty 1997). Although traditional mitigation techniques, such

as small-scale farming, are presented as equivalent to SI and have been known to mitigate insect
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decline, the efficacy of these strategies used separately is often exaggerated and impractical to
meet forecasted growing food demands (Tilman et al. 2011, Petersen and Snapp 2015,
Tscharntke et al. 2021, Chowdhury et al. 2023). The SI paradigm is purposely without defined
technologies, practices, or policies in order to accommodate changing environmental conditions,
cultural and agronomic differences, and the context-dependent performance of management
strategies across ecosystems (Pretty 1997, Xie et al. 2019). Currently, the range of practices
include the diversification of cropping systems (e.g., intercropping, alley cropping, crop
rotations, and cover crops), soil and water conservation techniques (e.g., conservation tillage,
integrated nutrient management, irrigation, etc.), integrated pest management (IPM), and

restrictive use of pesticides (Petersen and Snapp 2015, Wezel et al. 2015, Xie et al. 2019).

Conservation

Conservation remains the primary global strategy for halting environmental degradation
and mitigating insect biodiversity loss, facilitated through enhancing landscape connectivity and
ecological resilience to environmental change (Shuey 2013, Kearney et al. 2020, Chowdhury et
al. 2023). Historically, conservation has been implemented through the spatial separation of
protected areas from agricultural production, reinforcing the perception that agriculture and
conservation are incompatible (Tscharntke et al. 2005). However, multiple studies highlight a
substantial portion (~75%) of threatened species depend on existing within managed landscapes,
and over half of those species face one or more threats that require actions conservation areas

alone cannot remove (Tscharntke et al. 2005, Kearney et al. 2020).

Within the framework of SI, strategies such as land sparing and land sharing represent
alternative conservation planning approaches that address rising food demand while minimizing
cost to biodiversity (Xie et al. 2019). Land sparing separates conservation from agriculture by
maximizing farmland to facilitate the protection of remaining natural habitat from further
expansion (Green et al. 2005, Fischer et al. 2008, Xie et al. 2019). Alternatively, land sharing
embeds biodiversity-supporting features within crop fields using wildlife-friendly farming
methods (Green et al. 2005, Fischer et al. 2008, Xie et al. 2019). Although land sparing and land
sharing are often framed as contrasting conservation strategies, in practice, both approaches rely
on ecological restoration as a central mechanism for conserving, recovering, or enhancing habitat

quality (Rey Benayas and Bullock 2012). Land sparing restoration involves re-establishing
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native vegetation or habitats on abandoned cropland, whereas land sharing restoration focuses on
rebuilding or creating specific elements (e.g., hedgerow planting, riparian buffer restoration, or
floral strips) to benefit ecological communities and services without competition for agricultural
land use (Rey Benayas and Bullock 2012). The perceived dichotomy oversimplifies how
biodiversity responds to agricultural intensification, as the ecological outcome of either approach
depends strongly on the spatial scale at which they are implemented and the taxa under
consideration (Green et al. 2005, Norris 2008, Phalan et al. 2011a, Rey Benayas and Bullock
2012). For example, habitat heterogeneity is perceived differently by insects then by human
observers: a structurally, continuous block of natural vegetation protected through land sparing
may contain a high diversity of houseplants and microhabitats for herbivorous and canopy-
dwelling insects, whereas a purposely heterogenous strip of native vegetation created through
land sharing practises may offer a comparatively limited range of resources at a spatial scale
relevant to those taxa. (Green et al. 2005, Phalan et al. 2011a). Therefore, rather than
representing mutually exclusive alternatives, land-sparing and land sharing should be viewed as
complementary components of a multi-scale conservation framework that can be implemented in
unison based on biophysical properties, socioeconomic context, and production targets (Green et

al. 2005, Fischer et al. 2008, Phalan et al. 2011b, Rey Benayas and Bullock 2012).

Monocultures and Associated Insects

Most mitigation strategies emphasize diversification, a principle embedded in early
agricultural practice. To understand how we arrived at today’s rate of insect decline, it’s
necessary to examine the trajectory of agricultural development, particularly the rise of
monocultures and the marginalization of traditional, ecologically integrated systems. Agriculture
developed independently in many regions with limited recorded accounts prior to 1850, but
Nikolai Ivanovich Vavilov’s (1926) concept of the centres of origin for cultivated plants points
roots almost exclusively to the Global South (Harris 1990, Sauer 1993, Federico 2005, Jacques
and Jacques 2012, Ordish et al. 2024, Igamberdiev 2025). Archaeological and genetic evidence
later reinforced this framework as a foundation for understanding plant domestication (Harris

1990, Sauer 1993, Fedick 1995, Federico 2005, Igamberdiev 2025).
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History of Agriculture

The Americas (Mesoamerica and North America) offer a unique lens through which to
understand the foundations of farming in a wide range of environments over time (Hurt 1987,
Sauer 1993, Fedick 1995, Federico 2005, Jacques and Jacques 2012, Ordish et al. 2024). Early
evidence of plant domestication in Mesoamerica appears in Tamaulipas (northeastern Mexico),
Tehuacan Valley (southern-central Mexico), and Oaxaca Valley (southern-central Mexico),
beginning around 7000-5000 BCE with key crops including gourds (Lagenaria siceraria
(Molina) Standl. and Cucurbita pepo L.), maize/corn (Zea mays L.), runner beans (Phaseolus
coccineus L.) and chilli peppers (Capsicum spp.) (Hurt 1987, Sauer 1993, Lira et al. 2016).
Gradually, the cultivation of plants became increasingly important and farming, once naturally
fueled by specific landscape features, climate, and environmental events, was manipulated by the
Indigenous Peoples through seed selection, simple irrigation techniques, and manual land
clearing efforts (Hurt 1987, Reitz et al. 2008, Zizumbo-Villarreal et al. 2012). Between 900 BCE
and 200 CE, Mesoamerican agriculture became considered complex as simple techniques
developed into reliable farming methods such as slash-and-burn vegetation clearing, field-
rotation schedules, drainage canals, raised and stone terraced fields, and intercropping (Hurt
1987, Reitz et al. 2008). The most notable strategy was the milpa system (growing corn, bean,
and squash in a mound) as it integrated multiple complex farming strategies (Zizumbo-Villarreal

et al. 2012, Fonteyne et al. 2023).

North American agriculture followed a similar trajectory, with earliest evidence of
domestication being squash (C. pepo) around 5000 BCE and gradual incorporation of other
locally important crops (e.g., goosefoot (Chenopodium spp.), sumpweed (Iva annua L.),
maygrass (Phalaris spp.), sunflower (Helianthus annuus L.) (Hurt 1987). Contrary to the
Indigenous Peoples of Mesoamerica, North America’s simple and complex agricultural practices
were influenced directly from Mesoamerican techniques, as evidenced by a shared squash

descent (Hurt 1987, Reitz et al. 2008).

The Green Revolution

European colonization disrupted Indigenous agricultural landscapes through land,

dispossession, war, and cultural suppression (Hurt 1987, Reitz et al. 2008, Hart and Winchell-
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Sweeney 2023). Colonial policies imposed foreign land-tenure systems and altered long-standing
cultivation traditions. Post-war economic pressures and population growth during the 19" and
early 20" century accelerated agricultural intensification (Fitzgerald-Moore and Parai 1996). As
a result, the United States (US) and the United Nations Food and Agriculture Organization
(FAO) initiated international collaboration efforts towards developing high-yield varieties of
major grain crops (wheat, rice, and corn) (Rosset et al. 2000, Borlaug 2000, Pingali 2017). These
efforts, now coined as the Green Revolution (GR) (Fitzgerald-Moore and Parai 1996, Evenson
and Gollin 2003, Feldman and Biggs 2012, Jacques and Jacques 2012), culminated in the
Rockefeller Foundation’s Mexican Agricultural Program achieving a 250% per-acre increase in
yield through the development of short-stemmed, fungus-resistant wheat (Fitzgerald-Moore and
Parai 1996, Mann 1997, Rosset et al. 2000, Borlaug 2000, 2007). Replicated success with other
major cultivars such as corn, was a pivotal technological advancement that led to the global
transition of agriculture into a highly industrialized enterprise, expanding cropland and pastures
by 154 million hectares (Mha) between 1985 and 2005 (Mann 1997, Evenson and Gollin 2003,
Foley et al. 2005, Feldman and Biggs 2012).

However, the GR’s legacy included profound ecological and social trade-offs. High-yield
monocultures depend on a combination of high input chemicals (fertilizers, pesticides,
fungicides, herbicides), large-scale irrigation infrastructure, and specialized equipment
(Fitzgerald-Moore and Parai 1996, Borlaug 2000, 2007, Jacques and Jacques 2012). These
capital-intensive requirements disproportionately favour large-scale operations and often
displace small-scale landholders practicing more traditional agricultural methods, who lack the
resources to adopt the necessary changes, thereby contributing to farm consolidation. (Rosset et
al. 2000, Feldman and Biggs 2012, Jacques and Jacques 2012). Monocultures are now the
dominant agricultural model occupying approximately 44% of the world’s habitable land, with a
third exclusively devoted to cropland (Ritchie and Roser 2019). Currently, over 2,500 species of
flowering plants have one or more domesticated crop species with just 103 supplying over 90%
of the direct or indirect calories consumed by humans (Dirzo and Raven 2003). The remainder of
this section will discuss current crops central to this thesis that are both important in agriculture

and hold cultural significance in Indigenous systems.

15



Corn

Corn (Z. mays) or maize is a cereal plant belonging to the grass family (Poaceae) (Sauer
1993). Molecular evidence suggests a single domestication event from teosinte (Zea mays subsp.
parviglumis (Iltis & Doebley) Doebley) in Mexico around 5000 BCE (Matsuoka et al. 2002).
Corn’s ability to easily hybridize facilitated its rapid spread through the Americas, producing
thousands of locally adapted varieties (Shultz 2008). Its high productivity and agronomic
stability under diverse environmental conditions contributed to its adoption as the dominant
staple crop in Indigenous communities, accounting for 50% to >70% of diets (Pleasant 2015,

Hart and Winchell-Sweeney 2023).

Maize remains one of the world’s most important crops, with global production
constantly increasing exponentially. Over a 15-year period, global corn production increased
from 590 million tonnes (Mt) to 960 Mt and is estimated to reach approximately 1.2 billion
tonnes by 2021 (Wolf et al. 2017, FAO 2023b). The primary use of corn depends on the
country/region, but in general, it is grown for human consumption, animal feed, and biofuel (e.g.,
ethanol) (Wolf et al. 2017, Garcia-Lara and Serna-Saldivar 2018). However, despite its central
role in global food and industrial systems, corn production is constrained by biotic stressors that
reduce attainable yields and contribute to persistent yield gaps (Azerefegne et al. 2002, Oerke
2006, Mammadov et al. 2018). Pathogens and insect herbivory in particular are major
contributors to these losses, with estimated global corn yield loss ranging from ~20-40% (Savary
et al. 2019). Therefore, to meet rising global demands and mitigate yield losses from pest insects,
continued genetic improvement through hybridization and transgenic approaches focusing on

associated insects is crucial (Oerke 2006).

The insect community associated with maize is dominated by numerous herbivorous
pests that attack every life stage of the plant, including Lepidopterans (e.g., armyworms, borers,
cutworms, earworms, and grain moths), Coleopterans (grain borers, grubs, root worms and
weevils), and Hemipterans (e.g., leathoppers and aphids) (Ortega 1987). Among these, the
European corn borer (Ostrinia nubilalis (Hiibner)) is one of the most destructive and widespread
pests, injuring stalks and ears, reducing grain yield and quality, and increasing plant
susceptibility to secondary infections by fungus and other pathogens (Kagcar et al. 2023).

Associated beneficial insects to maize are few, primarily naturally occurring predators (e.g.,
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assassin bugs, lady beetles) and introduced parasitoids (e.g., parasitic wasps (7richogramma

spp.)) (Ortega 1987, Kagar et al. 2023).

Bean

The common bean (Phaseolus vulgaris L.) is a legume in the Fabaceae family (Sauer
1993). The genus Phaseolus includes ~70 wild species, five of which were domesticated
(Bellucci et al. 2014). P. vulgaris is the most widely cultivated due to its direct use in human
consumption, representing 90% of the agricultural area dedicated to Phaseolus production (Singh
1999). Currently, P. vulgaris is considered to have two centres of domestication, occurring
around 6000 BCE in Mesoamerica (Oaxaca valley) and the Andes (Bellucci et al. 2014).
Historically, all parts of the plant were used, but the seed was the main protein source in

Indigenous diets, eaten fresh (snap beans) or dried (pulse) (Lira et al. 2016, Celmeli et al. 2018).

Today, the common bean remains a staple food crop valued for its high protein, mineral
composition, and bioactive compounds (Jones 1999, Uebersax et al. 2023, Meza-Maicelo et al.
2025). With global production of snap bean and pulse reaching ~1.6 Mt and ~28.5 Mt from
~25.8 Mha and ~37.7 Mha of land in 2023, respectively (FAO 2023a). Extensive breeding
programs have been developed to increase yield, adaptability, and agronomic performance in
common bean (Singh and Schwartz 2011, Meza-Maicelo et al. 2025). However, productivity is
constrained by numerous biotic and abiotic stressors (Singh 1999, Meza-Maicelo et al. 2025).
Particularly, insects and other pests cause substantial yield and quality losses, ranging from 35-
100% globally (Singh and Schwartz 2011). Although resistance to several major insect pests has
been achieved, durable resistance to regionally specific pests or across multiple taxa remains
limited, leaving key ecological interactions, such as pest regulation, reliant on beneficial insect

communities (Singh and Schwartz 2011, Wyckhuys et al. 2023).

Numerous insect pests attack P. vulgaris at various stages of growth, including sap-
feeding Hemipterans (e.g., aphids, leafthoppers), stem and pod borers (e.g., bean flies), leaf-
chewing Coleopterans (e.g., chrysomelids), and post-harvest bruchids (Singh 1999, Singh and
Schwartz 2011). In addition to direct damage, insects (e.g., aphids and whiteflies) also act as
vectors of numerous common bean viruses (Singh and Schwartz 2011). Leathoppers (e.g.,

Empoasca kraemeri Ross & Moore and E. fabae (Harris)) are among the most widely distributed
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and damaging pests in the Americas, capable of causing 80-100% yield losses (Singh 1999,
Singh and Schwartz 2011).

Although P. vulgaris is predominantly self-pollinating, floral visitors from multiple insect
orders (Hymenoptera, Coleoptera, Lepidoptera, and Diptera) have been recorded to facilitate
low-frequency outcrossing (Kingha et al. 2012, OECD 2015). Se