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RESUMO

A intensificacdo agricola leva a perda de biodiversidade global, impactando
diretamente servigos de controle bioldgico essenciais para os agroecossistemas tropicais. Os
coccinelideos afidofagos, um importante grupo de inimigos naturais, sdo significativamente
afetados por fatores que operam em multiplas escalas espaciais, por exemplo, beneficiando-se
de recursos florais locais e de habitats seminaturais na escala da paisagem. Portanto, um
principal desafio ¢ desvendar os mecanismos que regem esses processos em diferentes escalas,
particularmente no que concerne as interagdes troficas e a coexisténcia de espécies. Esta tese
investigou como fatores bidticos e abidticos em diferentes escalas espaciais possibilitam ou
restringem a coexisténcia de coccinelideos predadores em agroecossistemas organicos. Para
isso, a tese foi dividida em trés capitulos. O Capitulo 1 analisou como os coccinelideos
particionam espacialmente habitat e microhabitat em cultivos organicas de brassicas, como a
sobreposi¢do de nicho varia ao longo dos estagios de vida e a influéncia das plantas espontaneas
na sua abundancia. O Capitulo 2 avaliou como as interagdes troficas e as posigoes troficas das
espécies variam com a disponibilidade de presas, enfatizando o papel das plantas espontaneas.
O Capitulo 3 investigou como a composicao da paisagem influencia as comunidades de
coccinelideos, suas interacdes troficas e o consequente controle biologico de afideos em
diferentes escalas. Os resultados mostraram uma segregacdo espacial estagio-especifica por
espécies de coccinelideos, com competidores superiores dominando culturas ricas em presas
durante os estagios moveis, empupando apenas em locais abrigados fora das plantas.
Inversamente, competidores inferiores persistiram ao utilizar as plantas espontaneas, o que
promoveu a coexisténcia ao facilitar a segregagdo espacial. Além disso, a abundancia de
coccinelideos correlacionou-se com a densidade de afideos, mas as plantas ndo cultivadas
sustentaram as comunidades durante a escassez de presas. A densidade de afideos modulou o
tamanho e a sobreposicao do nicho isotopico das espécies e a estrutura geral da rede trofica.
Os coccinelideos consomem uma alta diversidade de géneros de plantas espontaneas,
permitindo-lhes mudar de uma dieta a base de plantas para uma dieta a base de animais,
dependendo da disponibilidade de presas. A rede planta-afideo-coccinelideo refletiu o
comportamento generalista dos coccinelideos em sistemas agricolas, com plantas ndo
cultivadas apoiando interacdes chave. A composi¢do da paisagem, em ultima analise, afetou a
densidade de afideos, a abundancia e diversidade de coccinelideos, e suas interagdes tritroficas

em diferentes escalas, influenciando, por fim, a prestagdo do servigo de controle biologico.



No geral, a paisagem foi confirmada como um importante preditor da diversidade e abundancia
de coccinelideos, mas também determinando a estruturagdo local das interagdes a partir do pool
regional. Essa estrutura ¢ sustentada pelas plantas espontineas, que servem como recursos
alimentares essenciais, explicando em conjunto a variagdo trofica e a transferéncia de energia,
embora os resultados sejam modulados por diferencas espécie-especificas nas historias de vida,
caracteristicas funcionais € comportamento das espécies.

PALAVRAS-CHAYVE: Cerrado, controle bioldgico conservativo, DNA metabarcoding, redes
ecoldgicas, servigos ecossistémicos, composicdo da paisagem, particdo de nicho, is6topos

estaveis



ABSTRACT

Agricultural intensification drives global biodiversity loss, directly impacting essential
biological control services in tropical agroecosystems. Within this context, aphidophagous
coccinellids, a key group of natural enemies, are significantly affected by drivers operating at
multiple spatial scales, for instance, benefiting from local floral resources and landscape-scale
semi-natural habitats. Therefore, one main challenge is to unravel the mechanisms driving
these patterns across scales, particularly concerning trophic interactions and species
coexistence, as they directly influence the structure of natural enemy communities and,
consequently, the provision of biological control services. This thesis investigated how biotic
and abiotic factors across spatial scales enable or constrain coexistence among predatory
coccinellid species in organic agroecosystems. To achieve this, this thesis was divided into
three chapters. Chapter 1 analyzes how coccinellid species spatially partition habitat and
microhabitat in organic brassica crops, niche overlap across life stages, and the influence of
adjacent non-crop plants habitats on coccinellids abundance. Chapter 2 evaluates how trophic
interactions and trophic positions of species vary with prey availability, emphasizing the role
of non-crop plants species. Chapter 3 investigates how landscape composition influences
coccinellid communities, their trophic interactions with plants and aphids, and the resulting
aphid biological control across different scales. I found stage-specific spatial segregation
among coccinellid species, with competitively superior species dominating crop plants during
their mobile life stages (larvae and adults) and pupating more frequently in sheltered sites
outside the plants. Conversely, inferior competitors persisted by utilizing non-crop plants,
which promoted coexistence through spatial segregation. Furthermore, coccinellid abundance
correlated with aphid density, yet non-crop plants sustained communities during prey scarcity.
Aphid density modulated species isotopic niche size/overlap and the overall trophic network
structure. Moreover, high diversity of non-crop plants supplied coccinellid species with
resources (e.g., pollen and nectar), enabling them to shift from a plant-based to an animal-based
diet based on prey availability. The plant—aphid—coccinellid network was highly connected,
with numerous direct plant—coccinellid interactions, reflecting the generalist feeding behavior
of coccinellids and highlighting the role of non-crop plants in supporting key interactions.
Landscape composition affected aphid density, coccinellid abundance, diversity, and their
tritrophic interactions across scales, influencing biological control service provision. Overall,
landscape composition is a critical predictor of diversity and abundance of coccinellids but also

influences how species from the regional pool structure their interactions locally. This structure



is sustained by non-crop plants, which serve as essential food resources, jointly explaining
trophic variation and energy transfer, although outcomes are modulated by species-specific
differences in life histories, functional traits, and behavior of species.

KEYWORDS: Cerrado, Conservation biological control, DNA metabarcoding, ecological

networks, ecosystem services, landscape composition, niche partitioning, stable isotopes

GENERAL INTRODUCTION

Human activities have modified Earth's terrestrial ecosystems, especially over the past 50
years, with the intensification of agriculture being the main cause of biodiversity loss (Nelson,
2005; Baessler, 2006; Power, 2010). These changes have led to the emergence of “novel
ecosystems”, characterized by species composition and abundance adapted to human-modified
environments, such as pest insects (Hobbs et al., 2006). However, these ecosystems are not
isolated, as biodiversity interacts across natural and anthropogenic habitats (Seastedt et al.,
2008; Aguiar et al., 2021), which are connected through species dispersal (Hagen et al., 2012;
Togni et al., 2019). Therefore, it is necessary to understand the connections between natural
and human-modified environments and their role in providing ecosystem services supported
by biodiversity, such as biological control (Kremen & Ostfeld, 2005; Bommarco et al., 2013).
To achieve this, an approach that considers factors operating at multiple spatial scales
influencing species and their services is required (Togni et al., 2021). These scales may range
from the microhabitat level (e.g., spatial partitioning of plant use among species) to the
landscape level (e.g., effects of landscape composition on local communities).

In this context, natural biological control and natural enemies are influenced by processes
occurring at different spatial scales (Togni et al., 2021). At the local scale, organic farming has
been shown to enhance biodiversity and its associated ecosystem services within agricultural
landscapes (Gabriel et al., 2010; Tuck et al., 2014). Organic systems alone can increase the
diversity and abundance of natural enemies (Garratt et al., 2011; Lichtenberg et al., 2017;
Aldebron et al., 2020), resulting in a positive relationship between biological control and
natural enemy diversity in most cases (Letourneau et al., 2009; Togni et al., 2019; Rosado et
al., 2021). However, such effects are often highly context-dependent (Macfadyen et al., 2011;
Maalouly et al., 2013; Gontijo, 2019). Thus, even though habitat management usually focuses

on local-scale interventions, targeted habitat manipulation can generate spillovers of natural
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enemies and their interactions among habitats at the landscape scale (Togni et al., 2021; Allen
et al., 2022).

The simplification of landscapes directly impacts the provision of multiple ecosystem
services supported by biodiversity (Baude et al., 2019; Ellis et al., 2021; Grez & Zaviezo,
2024). Landscape-level processes, such as dispersal facilitation or limitation and trait filtering,
can strongly influence the effectiveness of biological control and the dynamics of natural
enemies, as the landscape context shapes the species pool available to colonize local habitats.
The presence of non-agricultural habitats within the landscape can directly affect biological
control (Albrecht et al., 2020; Yang et al., 2021; Jachowicz & Sigsgaard, 2025), particularly
when interspersed with agricultural areas (Le Gal et al., 2020). For instance, the presence of
natural areas can positively affect parasitoid species richness while negatively influencing their
abundance across different spatial scales (Marins et al., 2024). These findings indicate that the
effects of landscape structure on natural enemies depend on both the spatial scale and the
specific metrics considered. In particular, the negative effects of landscape simplification on
biodiversity-driven ecosystem services are largely mediated by species loss (Dainese et al.,
2019), which in turn may directly alter species interactions.

In this context, aphidophagous coccinellids, one of the well-known groups of natural
enemies (Gordon, 1985; Michaud, 2012), are also influenced by factors operating across
multiple spatial scales. Although not the only natural enemies of aphids, coccinellids are
predatory in both larval and adult stages, which makes them highly efficient and the main aphid
predators. Due to their diverse feeding habits, coccinellids can benefit from plant
diversification practices used in conservation biological control (Andow, 1991; Amaral et al.,
2013; Gontijo et al., 2013; Togni et al., 2016; Gontijo et al., 2018; Blassioli-Moraes et al.,
2022). Conservation biological control consists of strategies that modify the habitat of natural
enemies to favor their survival and improve their performance, thereby enhancing their
effectiveness as biological control agents (Barbosa, 1998; Venzon et al., 2021). In this context,
conservation biological control depends on a range of ecological and behavioral processes that
promote pest suppression through habitat management strategies designed to benefit natural
enemies and that can be implemented across different spatial scales (Gontijo et al., 2013; Begg
et al., 2017; Togni et al., 2021).

At the local scale, the presence of flowering plants can increase coccinellid abundance and
survival (Lixa et al., 2010; Togni et al., 2016; Fonseca et al., 2017; da Silva et al., 2025). In
addition, manipulating non-crop plants can affect the movement patterns and spatial

distribution of aphidophagous coccinellids (Venzon et al., 2019a), as these predators must cope
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with the ephemeral nature of their aphid prey and frequently move among habitats (Hodek &
Honek, 1996). Some species may even exploit suboptimal habitats, relying primarily on pollen
and nectar from these plants (Amaral et al., 2013). Although floral resources can improve
survival of predatory coccinellids, especially when prey is not available, they do not typically
support reproduction (e.g., He and Sigsgaard, 2019; Hatt and Osawa, 2019; Xia et al., 2024).
Beyond habitat and resource use by coccinellids, interactions operating at smaller spatial
scales, such as intraguild predation, can further influence species coexistence (Amarasekare,
2007; Marques et al., 2018). Increased plant diversity can contribute to this pattern by
enhancing habitat structural complexity, providing alternative food sources and prey, as well
as oviposition and shelter sites (Venzon et al., 2019b).

Greater plant diversity may also facilitate spatial partitioning in microhabitat use, allowing
coexistence among intraguild predators and thereby strengthening their overall impact on prey
populations (Janssen et al., 20007; da Silva et al., 2022). Nonetheless, simply increasing plant
diversity does not guarantee the provision of biological control. Understanding the underlying
ecological interactions evolving coccinellid species associated with these plants, such as
apparent competition or intraguild predation, is therefore essential (Blassioli-Moraes et al.,
2022). This is because species interactions are complex, and predators may respond differently
to habitat diversification (Gontijo, 2019). For example, although intercropping systems have
been shown to reduce aphid infestation, they can also decrease parasitoid emergence, likely
due to increased intraguild predation (Saldanha et al., 2019), which can disrupt aphid biological
control. Furthermore, it has been demonstrated that increasing coccinellid abundance alone is
not sufficient to enhance biological control because higher species diversity is also required, as
this may increase complementary effects among predators and their net effect on pest densities
(da Silva et al., 2025). However, this is not always true, as increasing diversity by adding
intraguild predators may decrease pest control, since one species can interfere with another’s
ability to capture and consume prey (e.g., Finke and Denno, 2005; Letourneau et al., 2009),
reinforcing the context dependence of biodiversity to biological control services.

At broader spatial scales, the landscape context has also proven to be an important factor
influencing coccinellid populations. The amount of semi-natural habitat within the landscape
has shown positive effects on coccinellid abundance in studies conducted in temperate regions
(Gardiner et al., 2009; Woltz & Landis, 2014; Yang et al., 2019; Tuliano et al., 2024). Landscape
structure has also been linked to changes in the composition of coccinellid communities in
urban environments (Liere et al., 2019). In tropical regions, however, agricultural landscape

simplification and urbanization have been associated with negative effects on the abundance
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and diversity of lady beetles (Grez et al., 2019; Frizzo et al., 2020; Catzim et al., 2022; Grez &
Zaviezo, 2024). Together, these findings highlight that landscape-related factors, such as
habitat loss, simplification, agricultural intensification, and urbanization, represent major
threats to coccinellid populations worldwide, alongside other drivers such as climate change
and biological invasions (Honek et al., 2017; Soares et al., 2022).

Although highly desirable, integrating knowledge of the factors shaping the coexistence of
predatory coccinellid species acting complementarily in pest suppression across spatial and
temporal scales remains a major challenge. In this regard, the study of ecological interaction
networks can be particularly valuable, as it helps identify which interactions occur within
communities, assess the robustness of these interactions, and understand how individuals use
resources across different habitats (Bascompte, 2009; Tylianakis et al., 2017; Valdovinos,
2019; Assungdo et al., 2022). Network metrics such as nestedness, modularity and niche
overlap allow researchers to identify which species are more likely to interact and whether
subsets of tightly connected species occur within communities (Vazquez et al., 2009; Almeida-
Neto & Ulrich, 2011; Dormann & Strauss, 2014). By revealing how species are organized and
interact within networks, these metrics indicate whether predators share prey, partition
resources, or are segregated into modules, which may influence the strength, redundancy, and
stability of aphid suppression.

From this network perspective, landscape features are known to shape species interactions
across multiple organism groups (e.g., Hedlund et al., 2004; Tylianakis et al., 2007; Martinez-
Nuifiez et al., 2019; Fortin et al., 2021; Syahidah et al., 2021; Pardee et al., 2023), yet the
influence of landscape context on coccinellid interaction networks remains poorly understood.
This functional dimension may be crucial for clarifying how diversity patterns modulate the
relationship between biodiversity and ecosystem services.

Another valuable approach for understanding species interactions and resource use is the
analysis of stable isotopes of carbon and nitrogen. By tracing these isotopic signatures, this
method provides important insights in ecological studies, such as feeding preferences
(Akamatsu et al., 2004; Adams et al., 2016), trophic position, niche overlap (Hood-Nowotny
& Knols, 2007; Hyodo, 2015; Choi et al., 2020; Quinby et al., 2020), feeding strategies
(Paetzold et al., 2005; Chari et al., 2018), and dispersal patterns (Medeiros et al., 2017; Madeira
et al., 2019). Nitrogen isotopes allow the estimation of the trophic position of organisms, since
each trophic level is typically enriched by 3—4%o of ’N (Post, 2002). Carbon isotopes provide
information on the dietary carbon sources of organisms. For instance, consumers feeding on

Cs plants contain distinct '*C values from those feeding on Ca plants, as Cs plants have lower
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013C levels (Post, 2002). Consequently, the diet of an herbivore species that feeds on Cs or Ca
plants can influence the 8"3C isotopic profile of its predator. This method relies on the principle
that the ratio of stable isotopes varies in predictable ways as elements cycle through the food
web. When an animal consumes and assimilates food, the isotopic composition of that food
becomes reflected in its tissues (Hyodo, 2015).

However, a major limitation of isotopic analysis is its inability to identify the resources
consumed by species at a meaningful taxonomic level. This becomes particularly important
when investigating predator—prey trophic interactions, where prey is partially or completely
digested and morphology-based identification is not possible. In such cases, high-throughput
sequencing (HTS) combined with DNA metabarcoding can be particularly advantageous, as it
enables the identification of multiple species in mixed samples, including gut contents,
regurgitates, and feces (Kamenova et al., 2018; Andriollo et al., 2019). Given these advantages,
this methodology has been increasingly adopted in ecological research, with numerous studies
applying it to investigate ecological interactions (e.g., Lunde et al., 2022; Miller-ter Kuile et
al., 2022; Slusher et al., 2024), describe dietary composition (Deagle et al., 2013; Mollot et al.,
2014; Kerley et al., 2018; Grabarczyk et al., 2025), evaluate foraging preferences (Leponiemi
et al., 2023), assess biodiversity responses to land-use change (Wood et al., 2017; Schmidt et
al., 2018), estimate predation rates (Andow &Paula, 2024), and monitor insect pests in
agricultural systems (Morales-Hojas, 2017).

The aim of this thesis was to evaluate how biotic and abiotic factors operating at different
spatial scales enable or constrain the coexistence of predatory coccinellids in organic
agroecosystems. The coexistence of multiple coccinellid species can enhance biodiversity,
which may result in either increased or reduced pest control, depending on the degree of
functional complementarity in predation and the strength and frequency of negative
interspecific interactions. By addressing the structure and functioning of coccinellid
communities from different perspectives (e.g., temporal and spatial), it is possible to gain a
better understanding of the processes that allow the stable coexistence of individuals within
communities, which may improve the provision of biological control services. Based on this
framework, we formulated three general hypotheses:

1. Fine-scale habitat and microhabitat partitioning facilitates the coexistence of

coccinellid species across life stages by reducing niche overlap.

2. Variation in prey availability and plant resource use drives shifts in coccinellid trophic

interactions and trophic position across the crop cycle.
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3. Landscape composition acts as a broad-scale abiotic filter species or individual traits
that structures coccinellid communities, shapes trophic interactions, and ultimately
influences aphid biological control.

To address these hypotheses, the thesis 1is divided into three chapters.

In the first chapter, we investigated how four species of aphidophagous coccinellids commonly
found in organic brassica crops partition habitat and microhabitat spatially, and how niche
overlap among species varies throughout their life cycles. We also examined the role of
different non-crop plant species in influencing coccinellid abundance. This chapter focused on
mechanisms operating at finer spatial scales, which were the microhabitat (spatial use of plants)
and habitat (movement of individuals between crops and surrounding non-crop plants) scales.
In the second chapter, we evaluated how trophic interactions among coccinellids vary with prey
availability and the role of non-crop plants in shaping these interactions. We also investigated
the trophic position of each species throughout the brassica crop cycle, during which prey
density gradually increases. This chapter focused on mechanisms operating at the habitat scale,
aiming to uncover the trophic interactions of the species under different prey regimes. In the
third chapter, we investigated how landscape composition influences coccinellid communities,
their trophic interactions, and the biological control services they provide across different
spatial scales. We also examined how the interactions among aphids, plants, and coccinellids
affect aphid biological control in brassica crops. This chapter, therefore, addressed mechanisms
operating at broader spatial scales that determine the regional species pool through abiotic

filters such as land-cover types.
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CHAPTER 1

Life-stage niche partitioning and functional strategies promote predatory coccinellids’

Co-occurrence

*This chapter is based on a manuscript submitted to the journal Oecologia, which has been

revised to address comments following a request for major revisions.

Abstract

Species coexistence is shaped by how individuals share limiting resources such as
space, food, and shelter. Theory predicts that niche differentiation promotes coexistence,
depending on habitat characteristics, behavioral traits, and the intensity of competition.
However, niche partitioning may vary across life stages, as ontogenetic shifts alter habitat use
and species interactions. We investigated habitat segregation, niche overlap, and the role of
non-crop vegetation in promoting coccinellid coexistence across life stages through semi-
controlled and field experiments in 42 sampling sites. Species showed consistent differences
in habitat and microhabitat use across developmental stages, influenced by innate behaviors
and plastic responses to interspecific interactions. Superior competitors (Hippodamia
convergens and Harmonia axyridis) generally dominated prey-rich crop areas during egg,
larval, and adult stages, but shifted to sheltered sites outside the plants during pupation. In
contrast, Eriopis connexa consistently used soil microhabitats throughout its life cycle,
reducing niche overlap with other species. Cycloneda sanguinea, a competitively inferior
species, persisted by exploiting non-crop plants, which increased spatial heterogeneity and
resource availability. Non-crop vegetation thus promoted coexistence by enabling spatial
segregation and reducing presumed competitive asymmetries across life stages. These patterns
highlight how the strength of species interactions and spatial partitioning changes
ontogenetically, reflecting both behavioral flexibility and the influence of habitat features. We
propose a plastic functional classification of species based on their behavioral responses to
competition-risk scenarios across life stages, ranging from risk-tolerant generalists to
conditional risk-avoiders and niche-fidelity strategists, that could be broadened and adapted to

other study systems.
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Introduction

Understanding the influence of species interactions on community assembly has been
a crucial goal in community ecology, given its central role in shaping community structure,
diversity, and function (Paine 1966, Levine et al. 2017). However, the outcome of interactions
on insect communities, for example, are influenced by life history traits of interacting species
(Lancaster et al. 2017), predation risk (Levine et al. 2017), habitat or microhabitat use
throughout species life stages (Ingels & De Clercq 2011, Da Silva et al. 2022), temporal
variation in resource availability, including seasonality and bi- or multivoltinism, (Schoener
1972, Hood et al. 2021), and habitat structure (Pringle et al. 2019). Spatially heterogeneous
environments shift the competitive abilities of holometabolous insects across their life stages,
as they can exploit different microsites for foraging, oviposition, and pupation (Amarasekare

2003a).

In contrast, in spatially homogeneous environments, coexistence of competing species
is possible if differences in species traits lead to niche differentiation (Amarasekare 2003a). In
both scenarios, niche partitioning may stabilize coexistence when intraspecific competition
outweighs interspecific competition, particularly when interspecific differences influence the
latter in competitive ability, colonization capacity, and life-history trade-offs (Rocca et al.
2017). Such trade-offs are particularly relevant in guilds like aphidophagous coccinellids,
where larval and adult stages rely mostly on prey (Sloggett, 2008), females may compete for
suitable oviposition sites, and individuals need to seek refuges for pupation (Hodek et al. 2012).
As aphids exhibit an aggregated distribution, different species simultaneously exploit the same
resources, and intense interspecific competition may arise (Hodek et al. 2012), thereby

affecting their community composition and structure (e.g., Bahlai et al. 2015).

However, several traits have evolved in this guild to reduce interspecific competition,
affecting how they interact with habitat features through their life cycle (Evans, 2003). Adults
can assess patch quality using visual cues, herbivore-induced plant volatiles (Yi et al. 2023),
plant constitutive volatiles (Togni et al. 2016), prey pheromones (Tapia et al. 2010), and con-

and heterospecific semiochemicals (Hemptinne et al. 2000), including larval tracks (Seagraves,
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2009) and oviposition deterring pheromones (Evans, 2003, Soares et al. 2025). When aphid
densities are high, females select optimal distances for ovipositing based on the risk of egg
predation close to aphid colonies and the distance that prevents offspring starvation. This
decision reflects the competition for ephemeral and aggregated resources and may be shaped
by both active search and innate preferences (Evans, 2003, Hodek et al. 2012, Togni et al. 2016,
Soares et al. 2025).

Another important coccinellid behavior is the distribution of pupae across microsites,
which may reflect competitive interactions during the larval stage. Larvae are less mobile than
adults and frequently engage in intraguild predation and cannibalism (Lucas et al. 2000). The
outcomes of these interactions are influenced by the size of the individuals (Yasuda et al. 2004),
their behavior (Sato et al. 2009), competitive ability, such as aggressiveness (Yasuda et al.
2001), and the availability of spatial refuges (da Silva et al. 2022). During the pupal stage,
individuals are immobile and highly exposed to natural enemies, particularly parasitoids (Togni
et al. 2015, Paula et al. 2021). As a result, the availability of safe pupation sites may become a
critical resource at this stage. Although pupae aggregation associated with sunny surface has
been observed (Sakuratani and Nakamura, 1997), it has not been reported in tropical regions,
where the exposure to solar radiation and high temperatures may pose a threat to pupae
survival. Also, the aggregation of adults associated with their aposematic color was observed,
especially in overwintering and hibernation sites (Wheeler et al. 2014, Honek et al. 2007), but

not in tropical environments where overwintering and hibernation are not recorded for this
group.

Coccinellid species usually coexist in the same habitat by modulating their spatial
distribution within the plant (Rocca et al. 2022), or the inferior competitor may be displaced
(Martins et al. 2009). Non-crop plants, typically native species that grow spontaneously
between and around crops, can provide pollen, nectar, alternative prey, and shelter to
aphidophagous coccinellids (Amaral et al. 2013, Venzon et al. 2019, Sicsu et al. 2020). While
it is well accepted that the coexistence of competing species requires some degree of niche
differentiation (Amarasekare 2003a), it remains unclear whether the spatial distribution of
coccinellids throughout life stages is primarily driven by innate responses to environmental

cues or shaped by species interactions across their life stages.

We hypothesized that the use of surrounding non-crop plants (habitat scale) and the

spatial segregation within microhabitats across life stages allow both superior and inferior
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competitors to co-occur in the same area. The use of non-crop plants and spatial segregation of
species throughout their life stages is likely driven by competitive interactions among species
rather than by an innate response. To test these hypotheses, we evaluated how habitat and
microhabitat use and niche overlap of aphidophagous coccinellids change throughout their life
stages. Specifically, we evaluated: a) how different life stages of coccinellid species segregate
their habitat and microhabitat use; b) the role of non-crop plants in mediating coccinellid
species co-occurrence; ¢) whether the niche overlap of coccinellid species changes across life

stages.

Material and methods

Insect rearing for cage experiments

We first set a cage experiment in an experimental field (see below) to evaluate
microhabitat use by coccinellid species at distinct life stages when no heterospecific
competitors were present. We used only coccinellids reared in the laboratory for this
experiment to obtain well-fed individuals of different species with similar ages, sizes, and
environmental conditions. Field-collected adults of Cycloneda sanguinea., Eriopis connexa,
Harmonia axyridis, and Hippodamia convergens (Coleoptera: Coccinellidae) were reared in
the laboratory (25 +2 °C, 70 + 15% r.h., and 12 h of light) and provided with aphid ad libitum
(Myzus persicae and Lipaphis pseudobrassicae; Hemiptera: Aphididae), dilute honey, and
water. These aphid species are common in organic crops in the region (Paula et al. 2021). We
formed couples of these species and kept them in individual plastic pots (500 ml) with food.
After egg hatching, larvae were transferred to individual plastic pots (250 ml) and fed with the

same diet as adults until pupation or use in the experiments.

We used 36 h molted fourth-instar larvae to evaluate microhabitat selection for pupation
and recently mated adults to assess oviposition microhabitat selection. To ensure mating,
recently hatched adults were kept individually and well fed for at least seven days to increase
the likelihood of successful mating. Forty-eight hours before setting up the experiment in the
field, we formed couples and observed them until mating began. Couples were monitored until
the male exhibited a body shaking behavior, which typically indicates sperm transfer and

successful mating (Omkar and Srivastava 2002, Zeni et al. 2024).
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Cage experiment setup in the experimental field

The cage experiment was conducted between August and September 2019 at the
Biology Experimental Station of the University of Brasilia (15° 44' 09.8" S, 47° 53' 00.3" W),
Federal District, Brazil. The average annual precipitation is 1,500 mm, and the driest months
are between May and September. The climate is type Aw according to the Koppen-Geiger
classification (dry winters and hot humid summers) (Alvares et al. 2013). We conducted
experiments during the driest period of the year, when relative humidity can reach less than

15%, and coccinellids and aphids are most abundant in the field.

Collards (var. acephala) were cultivated in an experimental area covering 450 m? (10
m % 45 m), containing 30 plant rows with 10 plants per row (n = 300 plants). We kept the soil
bare throughout the experiment by manually weeding it when necessary. Plants were spaced
0.5 m within the row and 1.5 m between plant rows. We obtained the seedlings from
commercial growers. All plants were 50 days old after seed emergence. The seedlings were
manually transplanted to the field one month before the experiment began to obtain uniformly
sized plants for the experiment. Soil preparation and fertilization were carried out according to

local technical recommendations. Plants were irrigated using a drip system.

Between 15 and 20 days before the experiments, we infested the collards with the
aphids Myzus persicae or Lipaphis pseudobrassicae (Hemiptera: Aphididae) collected in the
field. We used these species because all the coccinellids we evaluated are known to feed on
these aphids (Andow et al. 2023). We removed weeds, other aphid species, and other
invertebrates as much as we could one day before the experiment began. To do that, we
carefully inspected the plants and the soil to collect the invertebrates we found, although we
could not ensure that the plant was completely clean. After that, we covered the plants with
voile fabric cages (I m x 1 m) (Fig. S2). We kept between 150 and 200 aphids (mixed
infestation of M. persicae and L. pseudobrassicae) per leaf to ensure that prey was not a
limiting resource. The number of aphids per leaf was counted on alternate days in all previously

infested plants until aphid populations reached the required densities for the experiments.

Pupation and oviposition in the cage experiment

To assess microhabitat selection for pupation by coccinellid species, we released three

to six fourth-instar larvae (depending on larvae availability) of the same species into each cage
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with a fine brush. These densities were selected based on pilot experiments, which showed that
larvae presented similar behaviors in these densities, due to plant architecture that reduced
larvae encounters within the plant. The larvae were placed directly on collard leaves, near aphid
colonies, but on different leaves to prevent cannibalism or other competitive interactions. To
evaluate oviposition microhabitat selection, a single mated female (see above) of each species
was released in separate cages. They were placed on the leaves, near aphids, after mating in
the laboratory. We set up 10 cages containing coccinellid larvae of each species, totaling 170
individuals: 44 C. sanguinea, 46 E. connexa, 40 H. axyridis, and 40 H. convergens. For the
adult stage, we established 20 cages for C. sanguinea, 23 for E. connexa, 22 for H. axyridis,

and 23 for H. convergens, totaling 88 adults observed throughout the experiment.

Each cage was observed daily (once a day) for three days. During the observations, we
carefully inspected the cages to record the locations of egg clusters (i.e., clusters of five or more
eggs) and pupae. The egg clusters (hereafter referred to as eggs) and pupae were carefully
removed immediately after being recorded to document their exact locations. If eggs or pupae
were found directly on the soil surface, at the plant base touching the soil, or on the cage basis
in contact with the soil, these locations were categorized as “soil”. For eggs and pupae found
on the collards, we divided the plant into three equal sections—Ilower, middle, and upper
thirds—and recorded their positions accordingly. We also recorded the eggs and pupae on the

cage walls.

On the final day of observation, we removed and thoroughly inspected the cages,
including their edges and buried parts, for hidden eggs or pupae. We also examined soil cracks
and dead leaves. The collards were then removed, and all plant parts were meticulously
inspected. We also ensured that all leaves had aphids during the observations to guarantee that
larvae and adults had sufficient prey throughout the experiment and were not foraging for

limited food instead of selecting pupation and oviposition sites.

Field sampling of coccinellids in organic farms

We conducted this study on 42 organic farms cropping brassicas (mostly collards) in
the Brazilian Federal District (15° 46' 13" S, and 47° 44' 46" W) between 2020 and 2023,
always from August to October (end of the dry season). Each farm was sampled once each

year. These farms belonged to smallholder farmers, averaging 13.4 + 7.1 ha (mean = SE), which
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falls within the range of organic farm sizes in our study region (4—70 ha). All sampled farms
were at least 2 km apart from one another. All farms were certified as organic for a minimum
of five years. They are required to follow Brazilian legislation for organic farming when
carrying out practices such as pest and weed management, disease control, and soil fertilization,

eliminating synthetic products from farm management (Togni et al. 2019).

The farms also featured vegetated field margins, which were usually used as living
mulch. Although there were differences among farms, these non-crop areas exhibited diverse
plant compositions and comparable structural, compositional, and temporal resources. Non-
crop plants were defined as those located outside the cropping area and not intentionally

planted by farmers. Most were native ruderal species.

To evaluate how the coccinellids C. sanguinea, E. connexa, H. axyridis, and H.
convergens partition their habitats and microhabitats in the field, we randomly sampled 1 m X
1 m quadrats in both the crop area and adjacent non-crop plant strips on each farm (n = 5
quadrats per habitat per farm). For non-crop plants, we sampled plant strips up to 5 m from the
cropping area, a distance selected because farms had non-crop plant strips of varying sizes (5—
10 m). At least two well-trained observers carefully inspected each quadrat, and all coccinellid
life stages were manually collected. Sampling continued until no additional coccinellids were
detected, with search times varying from 10 to 20 min, depending on vegetation cover within

each plot.

We recorded species, life stage (egg, larva, pupa, or adult), habitat type (crop or non-
crop area), and specific microhabitat location within the crop area. Microhabitats were
classified in the cage experiments: lower, middle, and upper plant thirds, and soil. In this
experiment, we also recorded the life stages of coccinellids found in non-crop plants. Both
mobile (larvae and adults) and immobile (eggs and pupae) stages were collected and
transported to the laboratory for identification. Immobile individuals that could not be
identified to the species level were counted and used only for analyses that did not require
species identification. For eggs, we followed the same approach as in the cage experiments,
considering only egg clusters with five or more eggs clustered in the same place (hereafter
referred to as eggs). We assessed predator abundance by summing the number of individuals
of each species and life stage (adults and larvae) in all quadrats inside and outside the crop area
across all microhabitats, and then calculating the abundance for each farm. We also counted

the number of aphids on four plants within each quadrat in the cultivated area (n =40 per farm).
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The number of aphids was counted on three leaves of each plant. In non-crop plants, we counted
the frequency of plants with aphids, as aphids tended to jump off these plants during sampling.

Aphid samples were taken to the laboratory for identification.

Statistical analyses

To investigate whether coccinellid species differed in their use of habitat and
microhabitat for oviposition and pupation sites in the cage experiments, we fitted two
multinomial logistic regression models using the function multinom from the nnet package in
R (Ripley et al. 2016). This type of model requires one outcome category—arbitrarily chosen,
though typically the largest or a control group—to be set as the reference, with its regression
coefficients fixed at zero to enable comparisons across the remaining categories (Ripley et al.

2016).

In the first model, the response variable was the microhabitat selected by each species
for oviposition, and in the second model, the response variable was the microhabitat selected
for pupation. In both models, the explanatory variable was predator species identity, with cages
set as the reference category for sites, and H. convergens as the reference for species. We
compared the models using the anova function to fit an Analysis of Deviance (ANODEV) with
a chi-squared test, contrasting the null model (without predictors) with the full model
(including predator species identity) to assess whether the inclusion of predator species identity

significantly improved the model's ability to explain variation in the response variable.

To investigate whether coccinellid species differed in their use of habitat and
microhabitat in the field experiments, we fitted a series of multinomial logistic regression
models. In all models, the response variable was habitat and microhabitat used by coccinellids,
while the main explanatory variable was predator species identity. We used non-crop plants as
the reference category for sites and H. convergens for species in all models. Specifically, we
tested the following models: a null model without predictors (model 1); a model including only
coccinellid species (model 2); a model with additive effects of coccinellid species and mean
coccinellid abundance per farm (model 3); a model including coccinellid species and its

interaction with mean coccinellid abundance (model 4).

We also evaluated models assessing the potential effect of life stage: one with additive

effects of coccinellid species and life stage (model 5) and another including their interaction
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(model 6). Additionally, we tested a model incorporating coccinellid species and its interaction
with mean coccinellid abundance, along with the additive effects of predator species and life
stage (model 7). We included the interaction between predator species and mean coccinellid
abundance (only larvae and adults) per farm to account for potential context-dependent effects
on habitat and microhabitat selection. Model comparisons were conducted as previously
described, and we selected model 4 because it had the lowest AICc and a simpler structure. For

detailed model comparisons, see Table S1.

We used the Pianka Niche Overlap Index to assess pairwise niche overlap among
species. The index is bounded between 0 (total separation) and 1 (complete overlap). We
selected the Pianka index because it is a widely used metric for assessing mutual similarity in
resource use among species. Although it is a symmetrical index, we use it here because it does
not imply any a priori inference of directional dependencies, direct competition, or exclusion

(Pianka, 1974).

For the cage experiment, we calculated overlap separately for each life stage and by
summing the total counts of eggs and pupae per species. For the field experiment, we followed
the same approach, also summing the total counts of larvae and adults. We combined life stages
to evaluate interspecific differences for immobile and mobile stages, representing each species
as a single ecological unit. For the field data on each farm, we calculated the indices only for

larvae and adults, as these were the only life stages that could be identified across all farms.

We assessed differences in niche overlap among species pairs in the cage experiment
using the Pianka index in a generalized linear mixed model (GLMM) with a beta distribution,
implemented via the glmmTMB package (Brooks et al. 2017). To avoid exact zeros (Smithson
and Verkuilen, 2006), we adjusted index values by adding a small constant (e = 1e-6). We
treated the adjusted Pianka indices as the response variable, species pairs as fixed effects, and
cages as random effects. For the field data, we applied the same approach, using farms as
random effects. We tested group differences using model contrasts with the emmeans function
and performed multiple comparisons with a Tukey post hoc test on the estimated marginal
means and evaluated model assumptions using residual diagnostics from the DHARMa

package (Hartig and Lohse, 2020).

We assessed whether niche overlap among species and life stages differed from random
expectations by comparing the observed mean Pianka index for species pairs with expected

values from simulated null models. To reduce algorithmic bias, we performed 10,000 Monte
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Carlo permutations (Lehsten and Harmand, 2006). We generated null assemblages for both the
cage experiment (including all life stages combined, only eggs, or only pupae) and the field
data (all stages combined, or only eggs, larvae, pupae, or adults). We used Lawlor’s RA3
algorithm to generate these randomized matrices, which assumes all species have equal
probabilities of occupying any site, given their niche breadth (Lawlor 1980, Lehsten and
Harmand 2006).

We randomized species-by-site associations in the resource-use matrix by shuffling
species presence across sites (columns) while preserving each species’ total occurrences (rows)
(Lawlor, 1980). This approach maintained species-specific niche breadth (i.e., number of sites
occupied) but randomized the specific sites used, disrupting any existing guild structure
(Lawlor 1980). Although RA3 does not preserve site-level richness, we aimed to introduce
some ecological realism to the model by preserving niche breadth (Gotelli and Ulrich, 2012).
We applied no additional constraints on species identities or the total number of sites. We

performed all analyses in R (R Core Team, 2025).

Results

Microhabitat use and niche overlap in the cage experiment

The likelihood of microhabitat selection by adult coccinellids for oviposition varied
among species (x> = 106.5; d.f. = 12; p < 0.001). The chances of C. sanguinea laying eggs in
the middle third were greater than on the soil or cage. In contrast, E. connexa showed a higher
probability of ovipositing on the soil compared to any other microhabitat. For H. axyridis, the
likelihood of oviposition on the middle and lower thirds exceeded that on the cage and soil. In
the case of H. convergens, the probability of laying eggs on the soil was higher than on the
upper and middle thirds, as well as the cage; additionally, oviposition on the lower third was

more likely than on the cage (Fig. 1).

Cycloneda sanguinea exhibited a greater tendency to oviposit on the middle third than
H. convergens. On the lower third, H. axyridis had a higher probability of oviposition than E.
connexa, whereas on the soil, E. connexa displayed the highest likelihood of laying eggs among
all species. Still referring to the soil, H. convergens showed a higher probability of oviposition

than C. sanguinea and H. axyridis, but still lower than E. connexa (Fig. 1).
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Microhabitat use for oviposition (a) overall species (b) by each species
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Fig. 1 Predicted probabilities of microhabitat use for oviposition by overall coccinellid species
(a) and by each species (b). Error bars represent 95% confidence intervals based on 1,000
bootstrap resamples. Different letters indicate significant differences among species within the

same microhabitat (a) and by each species across different microhabitats (b).

The probability of microhabitat selection by coccinellid larvae for pupation also varied
among species (x> = 69.5; d.f. = 12; p <0.001). Cycloneda sanguinea and H. axyridis showed
similar pupation probabilities across all microhabitats. Eriopis connexa had a higher likelihood
of pupating on the soil compared to the other microhabitats. For H. convergens, the probability
of pupation on the cage walls was greater than in any other microhabitat (Fig. 2). On the soil,
E. connexa displayed a higher pupation probability than H. axyridis. Conversely, on the cage,

H. convergens exhibited a greater likelihood of pupating than both E. connexa and H. axyridis

(Fig. 2).
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Microhabitat use for pupation (a) overall species (b) by each species

Upper third
Middle third
Lower third
Soil

Cage

Upper third

Middle third

Middle third

Lower third

. Soil

Lower third Cagzle

Upper third

- Middle third
Soil Lower thif§1|
oi

Upper third

Cage  igde third
Lower third
Soil

Cage

Coccinellid species 0 0'_25 050 0.75 1
B C. sanguinea [ E. connexa [_]H. axyridis [ H. convergens Predicted coccinellids abundance

Fig. 2 Predicted probabilities of microhabitat use for pupation by overall coccinellid species
(a) and by each species (b), considering 95% confidence intervals based on 1,000 bootstrap
resamples. Different letters indicate significant differences among species within the same

microhabitat (a) and by each species across different microhabitats (b).

The species niche highly overlapped (> 60% for eggs + pupae) among species (y*> =
15.5; d.f. = 5; p < 0.001). Nevertheless, the overall niche overlap for coccinellid’s eggs and
pupae together was not statistically different from the null models (Table 1), indicating that the
niche overlap we observed can be assigned to chance. The pairwise comparisons showed that
niche overlap between species included the 60% threshold (i.e., high niche overlap), except for

E. connexa and H. axyridis (< 40%) (Fig. 3).

Table 1 Results from the null models for coccinellid species niche overlap in the cage and field
experiments in different life stages. The observed index corresponds to the average Pianka
index calculated for all individuals in the cage and field experiments data. The expected mean
and variance values were derived using the RA3 algorithm. Bold values indicate statistically

significant results.
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Data Life  Observed Expected (RA3) (10.000 iterations)

origin stage index
Lower-tail P Upper-tail P Standardized
Mean variance
= (obs<exp) = (obs>exp) Effect Size (SES)
All 0.654 0.667 0.003 0.462 0.538 -0.245
Cage
Eggs 0.490 0.480 0.010 0.611 0.390 0.107
experiment
Pupae 0.611 0.581 0.006 0.707 0.293 0.378
All 0.836 0.437 0.013 0.992 0.009 3.525
Eggs 0.289 0.372 0.015 0.278 0.722 -0.668
Field
Larvae 0.781 0.402 0.014 0.989 0.011 3.196
experiment
Pupae 0.853 0.248 0.024 0.996 0.016 3.938
Adults 0.758 0.366 0.016 0.990 0.010 3.130
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Fig. 3 Pianka’s niche overlap index between coccinellid species pairs (eggs and pupae) using

the lower, middle, and upper thirds of brassicas crops and outside brassica plants in the cage
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experiment. Different letters indicate significant differences based on model contrast analysis
(p <0.05). CS = Cycloneda sanguinea, EC = Eriopis connexa, HA = Harmonia axyridis, HC
= Hippodamia converges. The horizontal line within the boxplot indicates the median and “x”

denotes the mean. The dashed red line indicates where niche overlap reaches 60%.

Habitat and microhabitat use and niche overlap in the field

Across all farms, we recorded an average of 107.1 + 16. 9 aphids per leaf on collards.
The species observed were B. brassicae, L. pseudobrassicae, and M. persicae. On non-crop
plants, only aphids from the genus Uroleucon were recorded. Although we did not estimate
aphid density on non-crop plants, coccinellids were observed on plants hosting Uroleucon spp.
at least 189 times across all farms. The mean abundance of coccinellids (larvae and adults) per
farm ranged from 1.25 to 34.8 individuals per species. Considering all farms and only larvae
and adults, H. convergens was the most abundant species (n = 1757), followed by C. sanguinea
(n = 698), E. connexa (n = 616), and H. axyridis (n = 162). Egg abundance (including
unidentified eggs) was highest on non-crop plants (n = 43), followed by the middle (n = 21),
lower (n = 17), and upper (n = 5) brassica plant thirds, and soil (n = 3). Larvae were also most
abundant on non-crop plants (n = 508), followed by soil (n = 90), lower (n = 44), upper (n =
25), and middle (n = 15) thirds of brassica plants. Pupae (including unidentified) were mainly
found on non-crop plants (n = 39), with only one on soil and one in the middle third; none were
found on the lower or upper thirds. Adults were most abundant on non-crop plants (n = 1662),
followed by soil (n = 828), lower (n = 247), upper (n = 150), and middle (n = 114) thirds. A
few eggs and pupae were identified to species level, including one C. sanguinea pupa on the

soil (see Table S2 for details).

The probability of occurrence of coccinellids (larvae and adults) in habitat and
microhabitat varied among species (x> = 885.8; d.f. = 12; p < 0.001), by the mean coccinellid
abundance in farms (y* = 72.9; d.f. = 4; p < 0.001), and by the interaction between these
variables (y* = 52.2; d.f. = 12; p < 0.001), demonstrating that species exhibit specific site
preferences that was affected by the mean abundance of coccinellids. For the thirds of brassica
plants, the predicted probabilities of species occurrence highly overlapped (predicted
probability of occurrence below 25%), with a tendency to decrease when coccinellid abundance
on farms was higher (Fig. 4abc). The probability of E. connexa using the soil was higher than

for other species, ranging over 75% when mean coccinellid abundance in farms increased (Fig.
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4d). Also on the soil, the probability of H. convergens presence was higher than that of C.
sanguinea and H. axyridis (both reaching zero). Despite the increase in mean coccinellid

abundance, the probability of H. convergens occurring on the soil remained constant, slightly

above 25% (Fig. 4d).

The probability of species using non-crop plants varied notably. Cycloneda sanguinea
had the highest probability (close to 100%), regardless of mean coccinellid abundance (Fig.
4e). For H. axyridis, this probability rose from under 50% to nearly 100% as coccinellid
abundance increased. Hippodamia convergens also exhibited a consistent increase in the
probability of using non-crop plants as coccinellid abundance increased, reaching
approximately 60%. In contrast, E. connexa was more likely to use non-crop plants when
coccinellid abundance was low (about 25% at fewer than a mean of 10 individuals), but this

probability dropped sharply with increasing abundance, nearing zero (Fig. 4d).
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Fig. 4 Predicted probabilities of habitat and microhabitat use (upper, middle, and lower thirds;
soil; and non-crop plants) by each coccinellid species at different mean coccinellid abundance

per farm. Shaded areas indicate 95% bootstrap confidence intervals (1,000 resamples).

The niche overlap was higher (> 80%) between C. sanguinea and both H. axyridis and
H. convergens, and lower (< 60%) between C. sanguinea and E. connexa, as well as between
E. connexa and H. axyridis, indicating that niche overlap varied among pairs of species (y* =
25.1; d.f. = 5; p < 0.001) (Fig. 5a). The niche overlap varied across life stages, with larvae
showing higher overlap for E. connexa and H. convergens (79%) and lower for E. connexa and
C. sanguinea (37%) (Fig. 5b). Adults had a higher overlap for C. sanguinea and H. convergens
(84%) and lower for E. connexa and H. axyridis (54%) (Fig. 5¢). Coccinellids niche overlap
was 83% for all life stages, 28% for eggs, 78% for larvae, 85% for pupae and 75% for adults.
It was statistically different from chance compared to null models, except for eggs (Table 1;

Fig. S2).
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Fig. 5. a) Pianka’s niche overlap index between coccinellid species pairs (larvae and adults)
using the lower, middle, and upper thirds of brassica crops and the non-crop plants in the field
experiments, and average Pianka’s niche overlap index between larvae (b) and adults (c)
species pairs. Different letter combinations indicates significance determined by model
contrast analysis (p < 0.05). The horizontal line within the boxplot indicates the median, and
the “x” the mean. Dashed red line indicates where niche overlap reaches 80%. Cs = Cycloneda

sanguinea, Ec = Eriopis connexa, Ha = Harmonia axyridis, Hc = Hippodamia convergens.
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Discussion

The aphidophagous coccinellids C. sanguinea, E. connexa, H. convergens, and H.
axyridis exhibited distinct patterns of habitat and microhabitat use across life stages, with niche
overlap varying especially during the mobile stages (larvae and adults). Species-specific traits
related to space use influenced individuals’ response to the increased abundance of con- and
heterospecifics on farms. Non-crop plants may enable species to co-occur at the community
level through shifts in niche overlap across life stages. Therefore, even in conditions of
potentially strong competition, species can co-occur in spatially heterogeneous environments
due to behavioral plasticity in context-dependent interactions. These behaviors include

unexpected tendencies of some species to lay eggs and pupate in the soil, especially E. connexa.

Spatial segregation of habitat and microhabitat use across different life stages

All coccinellid species studied oviposited on collard plants, reflecting females' active
search for aphid patches for their offspring, as larvae have limited mobility (Seagraves, 2009).
However, oviposition behavior varied among species. While H. axyridis and C. sanguinea
readily deposited eggs within each of the collard sections, H. convergens preferred to oviposit
in the lower third of collards and on the soil. Eriopis connexa exhibited an unexpected tendency
to lay eggs on the soil surface. Although Coccinella septempunctata (L.) (Coleoptera:
Coccinellidae) was previously reported to oviposit on the soil (Ferran, 1989), this is the first
record of this behavior for E. connexa. These differences may reflect behavioral trade-offs
involving prey access (Seagraves, 2009), predation risk (including intraguild predation)
(Hodek et al. 2012), and bet-hedging strategies (Evans, 2003), influencing species-specific
oviposition strategies.

Pupation site choice also varied among species, but the mechanisms underlying these
changes differ from those for oviposition site selection. Pupation site selection may be more
conditioned to avoid intraguild predation (Lucas et al. 2000) and reduce exposure to parasitoids
(Togni et al. 2015, Paula et al. 2021). In this sense, H. axyridis still prefers to pupate on the
plant, possibly saving energy by not moving to other areas (Ferran and Dixon 1993).
Conversely, the other species employ specific strategies to minimize exposure to natural
enemies (mostly pupae) or competitors (larvae, adults, and oviposition sites) (Lima and Dill
1990). Eriopis connexa predominantly pupates on the soil, where other coccinellid species
usually do not forage, and H. convergens tends to avoid the plants with aphids and

preferentially uses alternative sites above the soil. However, C. sanguinea dilutes the exposure
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risk to pupate by using soil and alternative sites above the soil equally. Interestingly, this is the
first report of all three species pupating on the soil. Therefore, pupation site choice may be an
innate behavior that has been selected in this guild in a risky environment with high exposure
to natural enemies.

In field conditions, the use of plant strata by mobile stages was dependent on coccinellid
abundance in the farms, possibly reflecting varying levels of competition, since both intra- and
interspecific competition are density-dependent (Amarasekare 2003b). However, in our study,
these effects may be restricted to the plant level or at most to the patch level. The middle third
of brassica plants was used less frequently and similarly by most species. In the upper third H.
axyridis was more frequent, particularly when coccinellid abundance was low. In contrast, in
the lower third, H. axyridis was replaced by H. convergens and E. connexa as coccinellid
abundance increased, possibly due to interference competition (Amarasekare 2003b). The
increased presence of these species on the lower third and on the soil suggests spatial shifts due
to heterospecific avoidance or competitive displacement (Lucas et al., 2000, Reitz and
Trumble, 2002), and fine-scale microhabitat partitioning among species. In contrast, C.
sanguinea was more closely associated with non-crop plants due to its ability to exploit prey
such as Uroleucon spp. (Hemiptera: Aphididae) (Sicsu et al. 2020), associated with avoidance
behavior or displacement by dominant species in the crop area.

On the soil surface, E. connexa was the only species that increased its occurrence with
the increased abundance of coccinellids. This result reinforces its role as a ground-dwelling
predator that opportunistically forages on plants. Probably, this species may prey on fallen
aphids dislodged from the plants by other predators foraging on the plant, as demonstrated for
other ground-foraging beetles (e.g., Losey and Denno, 1998). However, the use of soil as an
oviposition or pupation site may be suboptimal because eggs and pupae are immobile and
vulnerable to epigeal predators. This may explain why eggs on the soil were less frequent under
field conditions than expected based on the cage experiment.

Conversely, H. convergens, despite being a superior competitor (Andow et al., 2023),
became less frequent on the soil when coccinellid abundance increased, possibly outcompeted
by E. connexa. At the same time, C. sanguinea and H. axyridis rarely used the soil. This may
be due to their reliance on aphids and plant-provided food (Amaral et al. 2013), and their
presumably limited ability to exploit fallen aphids in the soil, where E. connexa thrives. These
findings highlight how microhabitat specialization and context-dependent presumed negative

interactions shape spatial use in aphidophagous coccinellids.
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Non-crop plants may mediate species co-occurrence at the community level

On non-crop plants, coccinellid species exhibited opposite trends to those observed in
the soil. Eriopis connexa had the lowest probability of occurrence in these areas among all
species, and its use declined with increasing coccinellid abundance. This is the opposite result
for H. convergens, probably due to its generalist feeding habits (Michaud 2018), and flexibility
in habitat use across life stages. Nevertheless, all species used non-crop plants to some extent,
benefiting from habitat structural complexity, which enhances individuals’ movement and
favors niche partitioning among intraguild predators (da Silva et al. 2022), and provides shelter
for different life stages (Togni et al. 2016).

Notably, C. sanguinea was consistently associated with non-crop plants irrespective of
coccinellid abundance. This may be because the species either avoids, is excluded from, or
does not primarily feed on the aphids on collards. Although individuals can develop on
Brevicoryne brassicae, they prefer or are constrained to non-crop habitats due to competitive
exclusion or prey specialization. Although the genus Uroleucon is widespread, several species
are native to the Neotropical and Neartic regions, primarily found in Asteraceae and
Campanulaceae plants (de Carvalho et al. 1998). In our study system, Uroleucon species were
primarily found in the non-crop areas in Bidens pillosa (Asteraceae), which can have improved
C. sanguinea fitness, whereas B. brassicae is a less suitable prey (Sicsu et al. 2020, Andow et
al. 2023). Therefore, non-crop resources may enable native and competitively inferior species
to co-occur in the community (Fonseca et al. 2017).

Harmonia axyridis, an exotic species, might not use native non-crop plant resources
(aphids, pollen, and nectar) (Amaral et al. 2013), possibly relying mostly on crop aphids like
B. brassicae (Sicsu et al. 2020). However, its increased use of non-crop plants under high
coccinellid abundance suggests that superior competitors like H. convergens (Andow et al.
2023) displace it. However, on the non-crop plants, C. sanguinea can explore other resources
that H. axyridis cannot (Amaral et al. 2013). This might explain its lower abundance in the
studied farms and why this species did not successfully invade organic crops in this region
(Paula et al. 2021, Andow et al. 2023).

These results point to species-specific patterns of habitat use shaped by innate
preferences, prey availability, and possibly by predatory interactions (Reitz and Trumble
2002). The use of non-prey food resources (Fonseca et al. 2017, Venzon et al. 2019) and the
unexpected oviposition on the soil by some species suggest a behavioral plasticity. Habitat and
microhabitat use in aphidophagous coccinellids are both species- and stage-dependent but may

shift in response to interspecific competition and intraguild predation on specific life stages
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(mostly larvae and adults), reinforcing the ecological value of behavioral plasticity (Seagraves

2009).

Coccinellids' niche overlap changes throughout their life stages

Combined, our experiments revealed that mobile stages of coccinellids (larvae and
adults) exhibited greater niche overlap than immobile stages (eggs and pupae), which remained
spatially segregated. Immobile stages are fixed in place until hatching/emergence. Therefore,
safe sites from natural enemies may result in a higher spatial segregation to avoid natural enemy
spillover due to density-dependent effects (Paula et al. 2021) and to reduce detectability by
intraguild predators and competitors to avoid exclusion (Rocca et al. 2022).

The high overlap between H. axyridis and C. sanguinea suggests that such dynamics
occur at the microhabitat and patch levels. In contrast, functional asymmetries appear to
mediate coexistence in species that highly overlap their spatial niche. Hippodamia convergens
exhibits higher prey capture efficiency in brassica crops (Andow et al. 2023), reinforcing its
dominance along a key niche axis. However, E. connexa may be a more efficient ground-
foraging predator than H. convergens, which may stabilize coexistence (Amarasekare 2003b).
Similarly, while C. sanguinea and H. axyridis also overlapped with H. convergens, this overlap
is reduced for C. sanguinea during the larval stage.

Our results suggest that aphidophagous coccinellid communities are structured by
differences in niche overlap varying across different life stages. Although niche overlap among
the immobile stages did not differ from random, overlap among mobile stages was non-random
and structured, reinforcing the relevance of behavior plasticity mediating spatial partitioning.
While we measured niche based on spatial distribution, niches are inherently multidimensional,
and factors such as prey identity, phenology, or temporal dynamics may yield different results.
Despite this limitation, our findings support previous evidence that H. axyridis, although a
highly invasive exotic species (Martins et al. 2009, Roy et al. 2016), did not establish in the
organic systems in central Brazil because other species may outcompete it due to more efficient
resource use (Andow et al. 2023), especially plant-provided food (Amaral et al. 2013),

associated with a high pressure of native parasitoids (Paula et al. 2021).
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Conclusions

We demonstrated that aphidophagous coccinellids coexist in agroecosystems through
spatial niche partitioning, which is modulated by environmental heterogeneity and life-stage
differences in habitat demands. Habitat and microhabitat use varied among species and life
stages, influenced by both innate behaviors and plastic responses to density-dependent effects
of coccinellid abundance. We propose that the species we studied may be functionally
classified based on their behavioral responses across life stages. Hippodamia convergens acted
as a risk-tolerant species, thriving in high-density crop habitats where prey is abundant, but
competition is more likely to occur when aphid densities are low. At the same time, when aphid
densities are high, intraguild predation may occur due to density-dependent effects that attract
more individuals to the area. Contrastingly, C. sanguinea acted as a risk-avoider, confined to
non-crop vegetation probably due to lower interspecific competition and because it can access
less abundant (mostly native) and diversified resources, at the cost of reduced access to high-
prey density areas. Eriopis connexa acts as a niche-fidelity specialist, occupying less
competitive habitats and reinforcing its soil-foraging specialization as coccinellid abundance
increases, which may have reduced predation and competition over time. Notably, this species
consistently foraged, oviposited, and pupated on soil, likely acting as a soil specialist. Although
H. axyridis may be classified as a risk-tolerant species in areas where this species successfully
invaded, in our study system, it behaves as a conditional risk-avoider. They thrive in suitable
habitats with low interspecific competition but decline when displaced to less favorable ones,
due to their strong dependence on aphids and limited resource-use flexibility in the invaded
area. Those classifications could be broadened and tested for other aphidophagous coccinellids
and validated for other systems. Our findings suggest that trade-offs in competitive ability,
habitat use, and exposure to risk across life stages shape divergent ecological strategies of

aphidophagous coccinellids and stabilize their coexistence.
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Supplementary Information

Fig. S1. Experimental collard field used for the cage experiment (August—September 2019) at
the Biology Experimental Station, University of Brasilia.
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Fig. S2. Expected values of niche overlap (blue bars) of coccinellids communities based on
Pianka index. Each graph represents all life stages (a), only eggs (b) and only pupae (c) for the
cage experiment. All life stages (d), only eggs (e), only larvae (f), only pupae (g) and only
adults (h) for the field experiments. The vertical red lines represent the observed niche values,
the long-dash lines show the one-tailed 95% limits, and the short-dash lines represent the two-

tailed 95% limits.

Table S1. Models and parameters from multinomial logistic regression models on the effects
of coccinellid species, coccinellid life stage, and mean coccinellid abundance in the habitat and
micro-habitat selection by coccinellids (the response variable used for all models) on 42
organic brassica-producing farms in the Brazilian Federal District between 2020 and 2023.

Bold numbers indicate statistically significant differences at the 0.05 significance level.

Model Explanatory variables logLink  AICc AAICc Relative weight e d.f. p.value
4 Coccinellid species -3186.66 6437.99 0 0.666 885.76 12 <0.001
Mean coccinellid 72.88 4  <0.001
abundance
Interaction 52.17 12 <0.001
7 Coccinellid species -3183.27 6439.37 1.38 0.334 856.66 12 <0.001
Mean coccinellid 73.82 4  <0.001
abundance
Coccinellid life stage 6.79 4 0.147
Coccinellid species: 51.17 12 <0.001
mean abundance
3 Coccinellid species -3212.75 6465.76 27.77 0 885.76 12 <0.001
Mean coccinellid 72.88 4 <0.001
abundance
2 Coccinellid species -3208.85 6530.55 69.89 0 1223.7 12 <0.001
5 Coccinellid species -3245.77 6531.79 71.14 0 1110.20 12 <0.001
Coccinellid life stage 6.85 4 0.144
6 Coccinellid species -3242.19 6549.04 88.38 0 1110.20 12 <0.001
Coccinellid life stage 6.85 4 0.144
Interaction 7.16 12 0.847
1 ~1 -3861.02 7730.05 1369.58 0 N.A. N.A. N.A.

Table S2. Abundance of egg masses and pupae recorded across 42 organic brassica-producing
farms in the Brazilian Federal District between 2020 and 2023, found on brassica plant thirds

(upper, middle, and lower), soil, and non-crop plants.
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CHAPTER 2

Trophic plasticity in Coccinellidae: linking seasonal feeding behavior to dynamic shifts

in trophic position

Abstract

Aphidophagous coccinellids are essential generalist predators and biological control
agents in agroecosystems. Their ability to utilize both animal (aphids) and plant-derived
supplementary resources (pollen/nectar) demonstrates trophic plasticity, which is modulated
by temporal fluctuations in prey availability. Understanding how these predators adjust their
diet and trophic role in response to varying prey densities is crucial for predicting the stability
and effectiveness of biological control services. We investigated how temporal fluctuations in
aphid density shape the coccinellid community and its associated tritrophic network structure.
We employed a multifaceted approach combining ecological network analysis, stable isotope
analysis (SIA), and DNA metabarcoding to unravel coccinellid interactions and trophic
ecology under lower and higher aphid densities in organic brassica crops. Coccinellid
abundance significantly increased with aphid density, reinforcing their reliance on this prey,
but perhaps not their role as efficient natural enemies of aphids. Conversely, during lower
aphid availability, coccinellid communities were sustained by non-crop plants and their
associated aphids, with Uroleucon spp. being the only aphid species they interacted with on
these plants. Prey density also affected species' isotopic trophic niche size and overlap,
demonstrating plasticity through species-specific responses (specialization, generalization, or
constancy), which consequently shifted niche overlap among species pairs. The overall
network structure was significantly affected, for instance, network nestedness was greater at
higher aphid densities compared to lower aphid densities, a pattern attributed to density-
dependent changes in feeding behavior. Furthermore, metabarcoding analysis revealed a high
diversity of consumed plant genera, with Hippodamia convergens consuming the highest
diversity of plant resource. Our results demonstrate that coccinellids adjust their diet in
response to seasonal prey variability, often shifting from a plant-based to an animal-based diet.
These findings elucidate the temporal dynamics of coccinellid trophic ecology and highlight

its consequences for the resilience and stability of agroecosystem interactions.
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Introduction

Aphidophagous coccinellids are important biological control agents in agricultural
systems (Evans, 2009) and are useful models for investigating mechanisms of coexistence and
community assembly. These generalist predators primarily feed on aphids but also utilize plant-
derived resources, such as pollen and nectar (Amaral et al., 2013). Their relatively short life
cycle facilitates the monitoring of population fluctuations and community dynamics over time.
Given the aggregated distribution of aphids, multiple coccinellid species frequently exploit the
same resource simultaneously, resulting in high niche overlap and common competitive
interactions (Hodek et al., 2012) that may change their trophic role within the food-web. These
negative interactions are dynamic and are expected to change over time with prey availability.
For instance, inferior competitors may be displaced to suboptimal patches where prey is scarce
due to different levels of exploitative competition (Chapter 1). Consequently, these species
may rely more on non-prey items, resulting in significant shifts in their trophic positions across

the season.

Plant-derived resources, both alternative and supplementary, are crucial to the
nutritional ecology of coccinellids (Lundgren, 2009), enhancing their survival during periods
of prey scarcity (He & Sigsgaard, 2019). However, the use of floral resources, such as pollen
and nectar, varies widely among species. For instance, the highly feeding generalist
Hippodamia convergens utilizes pollen from at least ten plant families, primarily Asteraceae
(Medeiros et al., 2010). Pollen from Apiaceae (e.g., coriander, dill, and fennel) supports several
species, including Coleomegilla maculata, Cycloneda sanguinea, Eriopis connexa, and H.
convergens (Lixa et al., 2010; D’Avila et al., 2016; Togni et al., 2016). Coccinellid species also
differ in the amounts and types of pollen they consume, a pattern that may shift across life
stages (D’Avila et al., 2016). Such trophic plasticity is often a response to fluctuations in food
availability, such as prey abundance (Gliesch et al., 2023), and consequently on species
interaction. Given these generalist habits, interpreting the specific roles and trophic positions
of individual species within the food web is challenging. Nevertheless, studying the feeding
habits of generalist coccinellids provides crucial insights into their trophic niches and overlap,

particularly when prey is scarce.
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To disentangle community complexity, interaction network analysis serves as a
valuable tool, emphasizing the structural patterns of species interactions rather than focusing
solely on community composition (Paine, 1980; Bascompte, 2009). Beyond observing these
structural links, understanding the energy transfer processes is crucial. Stable isotope analysis
(SIA) can complement network metrics by revealing trophic plasticity and the realized niche
of species, effectively tracking energy assimilation within the ecosystem (e.g., Castro et al.,
2024; Costa et al., 2025; Arribas et al., 2015; de Carvalho et al., 2019). However, while isotopes
elucidate energy pathways, they often lack the resolution to identify specific prey resources.
To bridge this gap and uncover the mechanisms driving these trophic links, recent advances in
molecular methods, such as high-throughput sequencing (HTS) and DNA metabarcoding, have
become available (Kamenova et al., 2018). By precisely identifying gut contents, these
approaches clarify the dietary composition (Kerley et al., 2018; Grabarczyk et al., 2025),
validate and elucidate the specific interactions that underpin the broader network structure (e.g.,

Lefort et al., 2017; Kennedy et al., 2020; Lunde et al., 2022; Slusher et al., 2024).

Furthermore, as coccinellids forage within the habitat, they encounter patches
containing varying prey species (Dixon, 2000), but they exhibit variable preferences for
particular prey (Hodek et al., 2012). For example, C. sanguinea performs poorly when feeding
on B. brassicae (a dominant aphid on brassicas) but thrives on Uroleucon spp. found on non-
crop plants (Sicsu et al., 2015, 2020), potentially restricting its reliance to the latter.
Conversely, H. axyridis cannot reach adulthood when feeding on Uroleucon spp. (Sicst et al.,
2020) and is thus unlikely to compete directly with C. sanguinea for this resource. Such
species-specific differences in prey suitability and utilization could thereby facilitate or
constrain coexistence within the same habitat. However, temporal variation in prey availability
may modulate foraging selectivity, as predators are predicted to become less selective under

low prey density (Stephens & Krebs, 1986; Crawley & Krebs, 1992).

To understand how temporal fluctuations in aphid density shape the coccinellid
community and their trophic roles, we addressed four main questions: How does prey
availability drive changes in coccinellid abundance? Do the isotopic niches, niche overlap and
trophic positions of these species differ between periods of lower and higher aphid density?
Does the structure of predator—prey—plant networks vary according to these density regimes?
How does the richness of non-prey food affect the trophic position of coccinellids? We
expected that coccinellid abundance would be positively correlated with temporal changes in

aphid density, as increases in prey availability promote reproduction and subsequent population
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growth of aphidophagous coccinellids. Therefore, aphid—coccinellid interactions were
expected to be more frequent during peaks in aphid density Furthermore, depending on the
substitutability of the resources, increases in aphid density will result in a measurable elevation
of the trophic position of coccinellid species, reflecting an increased reliance on animal-based
resources. However, this dietary shift will be species-specific, as coccinellids that feed more
on non-crop floral resources or non-aphid prey are expected to show minimal or non-significant
changes in their trophic position during periods of higher aphid abundance on brassicas.
Consequently, we expect the plant-aphid-coccinellid interaction network to exhibit lower
specialization during periods of higher aphid abundance, as increased prey availability may
relax foraging constraints and promote opportunistic interactions across multiple aphid preys
and plants. Moreover, the overall network complexity (e.g., connectance) is expected to

increase with the arrival and incorporation of aphid species into the cropping system.

Material and Methods

Study area

We sampled 21 organic brassica farms (each > 2 km apart) from May to August 2022
and from May to September 2023. The farms were in Brazil's Federal District (15°46'S,
47°44'W), within the central Cerrado biogeographic district, a recognized biodiversity hotspot
(Myers et al., 2000; Francoso et al., 2020) characterized by a Koppen-Geiger Aw climate
(Alvares et al., 2013). Farms had average sizes of 7.8 £ 2.4 ha (mean + SE) and maintained 5-
10 m strips of non-crop plants with consistent structural diversity, had been certified organic
for at least five years (Togni et al., 2019), and shared similar phenological and resource

conditions despite individual variations among farms.

Coccinellids and aphids sampling

We monitored coccinellid and aphid populations on 13 of the 21 brassica farms. Each farm
was visited three to four times per year, with a two-week interval between consecutive visits,
across two seasonal phases: (1) the rainy-to-dry season transition (May—July), to monitor initial
colonization of prey and coccinellids, and (2) the peak dry season (August—October), when

populations of aphids and coccinellids typically reach maximum abundance. This sampling
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design was intended to assess how changes in aphid density influenced coccinellid abundance
and species interactions.

For direct insect collection, we established 1 x 1 m quadrats at 10 points spaced
systematically to sample both the central and edge areas of the crop. We also randomly placed
10 additional quadrats in non-crop vegetation within 10 m of crop edges. Within these quadrats,
at least two trained collectors sampled coccinellids (larvae and adults) and, for each specimen,
recorded taxonomic identification (to the lowest possible level), host plant species and
phenological stage, and aphid presence and identity. Sampling in each quadrat continued until
no additional individuals were detected (10—20 min per quadrat).

In addition to the quadrat-based surveys, we conducted supplemental sampling to
specifically quantify aphid density over time. For each farm and sampling date, we randomly
selected 40 brassica plants (collards and mainly cabbages) and counted all aphids on three
random leaves per plant. Representative aphid and host-plant specimens were collected and
taken to the laboratory for species or morphospecies identification, with the assistance of a

taxonomist and a reference collection when needed.

Plant-aphid-coccinellid interactions

We described tritrophic interactions using field observations of plants (basal level),
aphids (intermediate level), and coccinellids (top level). For each farm, records from all
quadrats were combined to obtain species-level weighted interaction matrices, in which cell
values corresponded to observed interaction frequencies. Interactions were assigned by linking
aphids to the host plants on which they occurred and coccinellids to the aphid species they were
found with. In cases where coccinellids were observed interacting with plants in the absence
of aphids, we also recorded direct predator—plant links. Based on these data, we assembled
weighted tripartite networks, including (i) two aggregate networks pooling information from
all farms, stratified by lower and higher aphid density periods, and (i1) farm-specific
subnetworks, also stratified by these density regimes. All networks were analyzed using the
same set of descriptors. The latter were used to capture a gradient of local interaction structures
occurring within the broader regional network and shaped by both landscape and local
conditions.

From each network, we extracted the following metrics: (a) connectance, defined as the
fraction of realized links relative to all potential links (Bersier et al., 2002); (b) specialization

(H2), which quantifies overall network-level specialization (Bliithgen et al., 2006); (c)
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modularity (Q), describing the extent to which species are organized into distinct interaction
modules (Olesen et al. 2007); (d) nestedness (NODF'), measuring the tendency for specialists
to interact with subsets of the partners used by generalists (Almeida-Neto et al., 2008); (e)
network size (S), given by the total number of nodes (Dunne et al., 2002); and (f) trophic
generality (G), the average number or diversity of prey species per predator, reflecting the
balance between generalists and specialists (Schoener, 1989). All network indices were
computed in R using the packages bipartite, igraph, and cheddar (Antonov et al., 2023;
Dormann et al., 2009; Hudson et al., 2013).

Stable isotopic analysis

Coccinellid individuals (n = 382) were collected for stable isotope analysis from 21 farms.
The dataset comprised the four most common coccinellid species found in brassica crops: H.
convergens (n = 137), E. connexa (n = 103), C. sanguinea (n = 90) and H. axyridis (n = 52).
Live coccinellids were transported to the laboratory and maintained without food until death
allowing for complete gut evacuation and thereby minimizing potential bias from unassimilated
food residues in the tissues. Specimens were then preserved in tubes containing 70% ethanol
and stored under refrigeration until preparation for isotopic analysis.

Prior to analysis, each specimen was cleaned by immersion in a 2:1 chloroform—methanol
solution for 60 min and subsequently rinsed with distilled water. Cleaned specimens were
oven-dried at 50 °C for 48 h, finely ground to a homogeneous powder, and transferred to tin
capsules for weighing on a microanalytical balance. Each capsule contained tissue from a
single individual, with sample mass ranging from 0.40 to 0.59 mg. Samples were analyzed at
the Laboratory of Isotopic Ecology, Center for Nuclear Energy in Agriculture (CENA),
University of Sdo Paulo, Piracicaba, Brazil, to determine carbon (8'*C) and nitrogen (5'°N)
isotope ratios using an elemental analyzer (Carlo Erba CHN-1100) coupled to a Thermo
Finnigan Delta Plus mass spectrometer. We expressed isotopic ratios in delta notation (0) as
parts per thousand (%) relative to Vienna Pee Dee Belemnite (for Carbon) and atmospheric air

(for Nitrogen). The calculation followed the equation:

(Rsample - Rstandard)

513C or §°N (%o0) = x 1000

Rstandard

61



with R representing the heavy/light molar isotope ratio. Regarding internal standards, the

CENA employes sugarcane with precision of 0.2%o for 6'3C and 0.3%o for 6'°N.

DNA extraction

DNA was extracted from 283 individuals, including H. convergens (n = 185), C. sanguinea
(n=161), H. axyridis (n = 30), and E. connexa (n = 7), collected in November 2023 from eight
of'the 21 farms and used exclusively for this analysis. Whole coccinellids were processed, with
elytra and legs removed to reduce the amount of predator tissue and facilitate sample cleaning.
Before DNA extraction, we surface-sterilized the specimens with 10% bleach solution,
molecular-grade H>0, and 95% ethanol to minimize environmental DNA contamination
(Ingrao et al. 2017, Staudacher et al. 2018). After cleaning, we dried the samples and transferred
them to sterile microcentrifuge tubes. We homogenized the sterilized samples in 180 pL of
phosphate-buffered saline (PBS) using a TissueLyser II (Qiagen, Chatsworth, CA, USA) with
3-mm sterile stainless steel grinding beads (OPS Diagnostics LLC, Lebanon, NJ, USA) for 30
seconds. We then extracted and purified the DNA following the animal tissue protocol of the
DNeasy 96 Blood and Tissue Kit (Qiagen), eluting the final product in 75 pL of AE buffer. To
control for contamination, we included a blank well with no predator tissue, negative control,
in each 96-well extraction plate. Finally, we stored all extracted coccinellid DNA samples at -

20°C until PCR analysis.

Diagnostic PCR, metabarcoding and bioinformatics

Diagnostic PCR analyses were performed using primers from prior work and following
protocols established in prior published work (Staudacher et al. 2018, Bowers et al. 2021;
Schmidt et al., 2024), screening coccinellid samples for thrips, southern green stinkbugs
(Nezara viridula), tarnished plant bugs (Lygus lineolaris), whiteflies, Collembola, Diptera,
Lepidoptera, spider mites (7etranychus urticae) and aphids. We targeted the mitochondrial
Cytochrome Oxidase subunit 1 (COI) gene to detect arthropods DNA (Jusino et al., 2019) and
the nuclear ribosomal Internal Transcribed Spacer (ITS2) region to detect plants’ DNA
(Moorhouse-Gann et al., 2018) in coccinellid samples. Metabarcoding procedures, sequence
processing, and taxonomic assignment followed the protocols of previous work (Slusher et al.,
2024; Grabarczyk et al. 2025). Standardized pools were then submitted to the Georgia
Genomics and Bioinformatics Core lab (GGBC-UGA) for sequencing on an Illumina NexSeq
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2000 (Illumina, San Diego, CA, USA) with P2 chemistry, 300bp PE, and 600 cycles. Briefly,
the bioinformatic pipeline followed current standards and full details are provided in previous

work from the lab (e.g. see Grabarczyk et al. 2025).

Data analysis

To assess the effect of aphid density on coccinellid abundance, we fitted a generalized
linear mixed model (GLMM) with a negative binomial error distribution, using aphid density
per leaf as a fixed-effect predictor and farm identity as a random intercept. To assess the effects
of change in aphid density over time on network metrics, we first classified aphid density as a
categorical factor with two levels (lower and higher). We restricted the analysis to farms where
aphid density increased over time (ten farms). For each of these farms, we identified two
sampling days: the day with the lower aphid density (“lower”) and the day with the higher
aphid density (“higher”), which allowed us to interpret natural variations in aphid densities

among farms and how coccinellids interact with within-farm variations in prey densities.

We used this categorical predictor with two levels (low vs. high aphid density) as the
main fixed effect in a series of generalized linear models (GLMs), with each network metric
treated as a response variable. GLMs with a Gaussian error distribution were fitted for
connectance, generality, vulnerability, and nestedness. For modularity, we adjusted zero values
by adding a small constant (¢ = 1e7°) to ensure that all observations fell within the interval (>0,
<1) (Smithson & Verkuilen 2006) and then fitted a model with a Beta error distribution. For
specialization, we used a quasi-Poisson error distribution. These last two models were fitted

with the g/lmmTMB package (Brooks et al., 2017).

For the isotopic analysis, we assessed similarity in 6'*C and 6'°N signatures among
coccinellid species under lower and higher aphid density conditions. For each species, we
calculated the standard ellipse area corrected for small sample size (SEAc) in 8'*C—9'*N space
using the SIBER package (Jackson et al., 2011) to characterize the isotopic niche of the
samples. The SEAc was computed separately for data obtained under lower and higher aphid
densities. We then quantified the proportional overlap between species’ ellipses as a measure
of isotopic niches under each aphid density level. The comparison of ellipse overlaps followed
de Camargo et al. (2022), using a Markov chain Monte Carlo (MCMC) procedure with 10,000

iterations to generate Bayesian 40% credible intervals.
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To evaluate whether increased prey availability affected coccinellid 6'*C signatures, we
modelled the relationship between aphid density (predictor) and &"3C (response) using a Finite
Mixture Regression (FMR) implemented in the FlexMix package (Griin & Leisch, 2007). This
approach allowed us to identify latent groups with potentially distinct relationships between
aphid density and 6"C. The model used Gaussian components for component-specific
regressions. Model selection was performed across a range of components (k = 1-5) using the
stepFlexmix function, and the final model was chosen based on the lowest Integrated
Completed Likelihood (ICL) value (Biernacki et al., 2002) (Table S1).

To evaluate whether increased prey availability affected coccinellid 6'°N signatures
(used here as a proxy for trophic position), we fitted a Linear Mixed-Effects Model (LMM)
with a Gaussian error distribution. Aphid density per leaf was included as a fixed-effect
predictor, and farm identity was specified as a random intercept to account for spatial variation.
To examine potential species-specific responses, we then fitted separate LMMs with Gaussian
errors for each of the four coccinellid species, using the same fixed and random effects structure
previously described.

In addition to isotopic analyses, we used metabarcoding data to characterize the
diversity of plant resources associated with each coccinellid species. We assessed plant species
diversity using plant occurrence data obtained from metabarcoding. We used a combination of
rarefaction analysis and subsampling to normalize sequencing depths (Cameron et al. 2021).
We created 30 subsamples of each read depth (25 to 5000 reads) to identify the sequencing
depth at which plant richness reached an asymptote, indicating adequate sampling coverage.
We then standardized datasets among coccinellid species by equalizing both sample size (n >
19 per species) and sequencing depth (n = 1000 reads), to reduce bias in comparisons of plant—
coccinellid interaction patterns across species (Fig. S1). After the normalization, we used these
data to quantify plant resource use by each coccinellid species.

For each of the 30 subsamples of each species dataset, we calculated plant abundance
(number of sequence reads), plant species richness, and diversity (Shannon and Simpson
indices) in coccinellid gut contents, excluding E. connexa due to its small sample size. We then
compared these metrics among coccinellid species to assess differences in plant—coccinellid
interaction patterns with a Kruskal-Wallis test and post-hoc pairwise Wilcoxon Rank Sum
Tests with Bonferroni correction. To investigate whether the richness of plant genera consumed
by coccinellids predicted their 6'°N signatures, we fitted a LMM with a Gaussian error
distribution. The richness of plant genera detected in coccinellid gut contents (DNA

metabarcoding data) was included as a fixed-effect predictor, and farm identity was specified
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as a random intercept. Model assumptions were assessed, where applicable, using residual
diagnostics implemented in the DHARMa package (Hartig & Lohse, 2020). All statistical

analyses were performed in R (R Core Team, 2025).

Results

When considering all farms across both years and sampling periods, ten coccinellid
genera and at least 12 species were recorded. The coccinellid species included: Cycloneda
sanguinea (n = 638 individuals), Hippodamia convergens (n = 556), Eriopis connexa (n =220),
Psyllobora lenta (n = 125), Harmonia axyridis (n = 90), Scymnus sp. (n = 28), Psyllobora sp.
(n=9), Coccidophilus sp. (n = 6), Hyperaspis festiva (n =5), Coleomegilla maculata (n = 1),
Diomus sp. (n = 1), and Psyllobora confluens (n = 1). Regarding aphids, at least for species,
each of a different genus, were recorded. Brevicoryne brassicae was the most abundant (n =
34.928 individuals), followed by Lipaphis pseudobrassicae (n = 7.844), Myzus persicae (n =
2.535), and Uroleucon spp. (n = 81). In almost all farms, except for three, aphid density on
brassicas increased over time. Among the farms where density increased, periods with lower
aphid abundance corresponded to 1.89 & 0.56 aphids per leaf (mean = SE), whereas periods
with higher aphid abundance corresponded to 29.41 & 17.63 aphids per leaf, and all previously
mentioned aphid species were recorded in both periods. Also, coccinellid densities was lower
when aphid densities were lower and increased with higher aphid densities (8 = -1.075, SE =

0.244,t=-4.416; %> = 19.503, d.f. = 1, p <0.0001; Fig. 1).
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Fig. 1. Coccinellid densities under lower and higher aphid densities in brassica crops, estimated
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using a generalized linear model (GLM) with negative binomial distribution. Different
lowercase letters indicate statistically significant differences among aphid density levels based

on model contrast analysis (p < 0.05).

Coccinellid species showed variation in Standard Ellipse Area (SEAc) in response to
increasing aphid density, indicating shifts in their isotopic niches. Cycloneda sanguinea and
Hippodamia convergens exhibited larger SEAc values at lower aphid densities, suggesting
broader niches under prey scarcity. In contrast, Harmonia axyridis displayed larger SEAc
values when aphid density was high. For Hippodamia convergens, the mean SEAc remained
relatively constant. However, individual variation appeared lower at higher aphid densities
(Fig. 2). The plotted ellipses visually illustrate these distinct patterns of isotopic niche

expansion and contraction across density treatments (Fig. 3).
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Fig. 2. Standard Ellipse Area corrected for small sample size (SEAc) for Cycloneda sanguinea
(CS), Eriopis connexa (EC), Harmonia axyridis (HA), and Hippodamia convergens (HC)
under low and high aphid density in brassica crops. Boxes represent Bayesian posterior
distributions of SEAc. Red dots indicate posterior mean estimates, and black dots represent the

corresponding maximum likelihood estimates.
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Fig. 3. Isotopic ratios overlap of (a) Cycloneda sanguinea, (b) Eriopis connexa, (c) Harmonia

axyridis, and (d) Hippodamia convergens collected from brassica crops and non-crop plants in

surrounding areas under lower (green) and higher (red) aphid densities. Ellipses represent 40%

confidence intervals.

Interspecific overlap varied according to species pairs and aphid density. At lower aphid

density, the highest isotopic niche overlaps (>40%) were observed between C. sanguinea and

H. convergens, and between H. axyridis and H. convergens (Fig. 4a, b). In contrast, at higher

aphid density, overlaps were highest between C. sanguinea and H. convergens and between C.

sanguinea and H. axyridis. Notably, niche overlap between C. sanguinea and H. convergens

increased slightly from lower to higher aphid density. However, overlap decreased for most

other species pairs as aphid density increased, with a marked reduction observed between H.

axyridis and H. convergens (Fig. 4).
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Fig. 4. (a) Isotopic ratios of coccinellid species collected in brassica crops and in non-crop
plants in surrounding areas under lower aphid density on brassicas; (b) isotopic niche overlap
among coccinellid species pairs under lower aphid density; (c) isotopic ratios of coccinellid
species collected under higher aphid density on brassicas; (d) isotopic niche overlap among
coccinellid species pairs under higher aphid density. Ellipses represent 40% confidence
intervals. Red dashed lines indicate the point at which species-pair overlap reached 40%. CS =
Cycloneda sanguinea; EC = Eriopis connexa; HA = Harmonia axyridis; HC = Hippodamia

convergens.

Network structure at lower and higher aphid densities on brassicas

By comparing observed network metrics at lower aphid density with null-model
expectations, we found that the plant—aphid—coccinellid network is non-randomly structured
and reflects underlying ecological organization for all metrics except specialization (H2ps:
0.27, H2exp: 0.25 £ 0.06 SD, z = 0.25, p-value = 0.805). The connectance was significantly
higher than random expectations (Cops: 0.10, Cexp: 0.03 + 0.002 SD, z = 44.85, p < 0.0001), as
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well as a generality (Gops: 5.86; Gexp: 4.79 £ 0.41 SD; z = 2.62; p = 0.009) and vulnerability
(Vobs: 2.93; Vexp: 2.38 £ 0.16 SD; z = 3.42; p = 0.001). Moreover, the network had a lower
observed modularity (Qoss: 0.05; Qexp: 0.17 £ 0.05 SD; z = -2.38; p = 0.017) than would be
expected by chance. The same pattern was observed for network nestedness which presented a
lower observed nestedness (WNODFps: 9.76, WNODF.,,: 40.35 £ 2.86, z = -10.70, p <
0.0001) than would be expected by chance.

At higher aphid density, the plant-aphid—coccinellid network also deviated strongly
from null-model expectations, indicating ecological structuring, with all metrics differing
significantly from null means. The connectance (Cops: 0.14, Cexp: 0.04 + 0.00 SD, z =49.08, p
< 0.0001), generality (Gops: 4.60; Gexp: 3.60 = 0.25 SD; z = 3.95; p < 0.0001), vulnerability
(Vobs: 3.83; Veyp: 3.00 £ 0.21 SD; z = 4.05; p < 0.0001), modularity (Qoss: 0.35; Qexp: 0.16 £
0.04 SD; z=4.55; p <0.0001) and specialization (H2ops: 0.35; Qexp: 0.24 +£0.05 SD; z=2.13;
p =0.033) were significantly higher than expected at random. While the opposite was observed
for network nestedness (WNODF yp5: 10.87, WNODFey,: 59.74 £3.52, z=-13.90, p < 0.0001).
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Coccinellid species:

CS = Cycloneda sanguinea HC = Hippodamia convergens
EC = Eriopis connexa HF = Hyperaspis festiva
HA = Harmonia axyridis

Aphid species: i
UR = Uroleucon sp. LP = Lipaphis pseudobrassicae

BB = Brevicoryne brassicae MP = Myzus persicae
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Fig. 5. Structure of the plant—aphid—coccinellid interaction network at (a) lower aphid density
and (b) higher aphid density. Nodes represent plants (green), aphids (blue), and coccinellids
(red). Link width is proportional to interaction frequency, and link colors denote interaction

type: green = plant-aphid and plant—coccinellid, blue = aphid—coccinellid.

Network nestedness was significantly higher at higher aphid densities on farms
(estimate =-10.180+3.48;t=-2.93; p=0.010; y*=1.74; d.f. = 1; p=0.187) (Fig 6a). However,
network connectance did not vary between periods of lower and higher aphid densities (y~ =
0.20; d.f. = 1; p = 0.526), the same patter was observed for generality (x> =0.13; d.f. = 1;p =
0.720), vulnerability (y~ = 0.50; d.f. = 1; p = 0.479), modularity (y- = 0.91; d.f. = 1; p=0.341),
and specialization (y* = 1.74; d.f. = 1; p = 0.187) (Fig 6b, c, d, e, f).
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Fig. 6. Relationships between network (a) nestedness (NODF), (b) connectance, (c) generality
(G), (d) vulnerability (V), (e) modularity (Q), and (f) specialization (H2) and aphid density on
farms. Asterisks indicate statistically significant differences among aphid density levels based

on model contrast analysis (p < 0.05). ns = non-significant.

Relationship between 8!3C and 8'>N and aphid density

The best-fitting model for coccinellids §'3C signature included two components (Fig.
S2). Component 1 accounted for 67% of the total observations. For this group, aphid density
had no significant effect on coccinellid §'3C values (8 = 0.427, SE = 0.348, z = 1.228, p =
0.219; Fig. S3). In contrast, component 2 accounted for the remaining 33% of observations.
The relationship between aphid density and 8'°C in this group was negative but was also not

significant (f =-0.677, SE=0.477,z=1.419, p = 0.156) (Fig. S3).

Moreover, coccinellids contained lower values of §'°N when aphid density was lower
(B =-1.041, SE=0.257, t =-4.047; x> = 16.376, d.f. = 1, p < 0.0001; Fig. 7a). However, when
considering each species separately there was no difference on §'°N for C. sanguinea at lower
and higher aphid densities (y° = 2.532, d.f. = 1, p = 0.112; Fig. 7b) and the same was observed
for H. axyridis (x> = 1.648, d.f. = 1, p=0.199; Fig. 7d). In contrast, lower values of §'°N when
aphid density was lower was observed for E. connexa (f = -0.989, SE =0.331, t=-2.989; y* =
8.936, d.f. =1, p =0.003; Fig. 7c) as well as for H. convergens (f = -1.666, SE = 0.456,t = -
3.654; ¥* =13.35,d.f. = 1, p=0.0003; Fig. 7e).
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Fig. 7. Predicted 5'°N response to aphid density for (a) all coccinellid species, (b) Cycloneda
sanguinea, (¢) Eriopis connexa, (d) Harmonia axyridis, and (e) Hippodamia convergens, as
predicted by Linear Mixed-Effects Model (LMM) with a Gaussian error distribution. Different
lowercase letters indicate statistically significant differences among aphid density levels based

on model contrast analysis (p < 0.05).

Coccinellid-plant network structure and the effect of plant-based resources consumption

diversity on coccinellid trophic position (6"°N)

Diagnostic PCRs revealed that coccinellids consumed prey from four invertebrate
groups: including aphids, Diptera, Collembola, and Lepidoptera (see Table S2 for more
details). The metabarcoding analysis of coccinellid gut contents revealed limited detection of
animal prey DNA. Therefore, these data are not presented here nor included in any analyses.
In contrast, plant DNA was well represented: metabarcoding detected interactions involving
45 plant genera across 20 families (Table S3). The six most abundant genera were Amaranthus
(10,875 reads), Bidens (6,142), Eleusine (2,600), Tithonia (2,328), Euphorbia (2,028), and
Galinsoga (1,496). The four most abundant plant families were Amaranthaceae (10,875 reads),
Asteraceae (6,142), Poaceae (2,600), and Euphorbiaceae (2,028). At the coccinellid species

level, C. sanguinea showed the highest number of reads for Amaranthus (3,019). E. connexa
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was most strongly associated with Citrus (200 reads), while both H. axyridis (2,435 reads) and
H. convergens (5,223 reads) showed their highest read counts for Amaranthus. The richness of
consumed plant genera differed significantly among coccinellid species (y*> = 233.16, df =2, p
< 0.0001), as did plant diversity (Shannon index: > = 263.72, df = 2, p < 0.0001; Simpson
index: 259.2, df = 2, p < 0.0001). Hippodamia convergens exhibited the highest richness and
diversity of plant resources, followed by C. sanguinea and H. axyridis (Fig. S1).

Network metrics derived from DNA metabarcoding data differed significantly from
null expectations, except for generality (Goss: 8.85, Cexp: 6.13 £0.002 SD, z=0.781, p = 0.435)
and nestedness (WNODF yp5: 47.41, WNODF,,,: 53.88 = 3.57, z=-1.82, p = 0.070). Network
connectance (Cops: 0.42, Cexp: 0.82£3.471 SD, z=-28.52, p<0.0001) was lower than expected
by chance. In contrast, network specialization (H2ops: 0.182, H2.yp: 0.002 + 0.06 SD, z =
716.546, p < 0.0001) and modularity (Qoss: 0.196, Cexp: 0.010 = 0.002 SD, z = 134.02, p <
0.0001) were higher than expected by chance (Fig. 8).

o
&
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Fig. 8. Structure of the bipartite network constructed from DNA metabarcoding data of
coccinellid gut content. The network visualizes the trophic interactions between the four
coccinellid species and the plant taxa identified in their diet. Green nodes represent the plant

genera (resource nodes) and red nodes represent the coccinellid species (consumer nodes).
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Coccinellids that fed on fewer plant genera exhibited higher 8'°N values (f = -0.101,
SE = 0.036, t = -2.781; ¥*> = 7.735, d.f. = 1, p = 0.005) (Fig. 9),indicating that coccinellids
feeding on a greater number of plant genera tend to rely more heavily on plant-based resources

than those feeding on fewer genera.

12
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5"°N (%o)

0 5 10
Richness of plant genera in coccinellid gut contents
Fig. 9. Response of predicted 8'°N values to plant genus richness detected in the gut contents

of coccinellids, as estimated by a Linear Mixed-Effects Model (LMM) with Gaussian error

distribution.

Discussion

The trophic interactions of generalist aphidophagous predators are dynamic, as they
respond to temporal variability in prey densities, despite the differences in response among
species. We demonstrated that individuals integrate these dietary changes over time, shifting
both their trophic positions and functional roles within the food web. Specifically, and contrary
to Tuliano et al. (2024), aphid density was a significant predictor of coccinellid abundance at

the local scale, highlighting the strong dependence of coccinellids on aphids as a food resource.

74



This pattern also suggests that coccinellids alone may not always be sufficient to suppress aphid
populations, emphasizing the importance of other natural enemies such as parasitoid wasps,
syrphid flies, and lacewings. When aphids are scarce, non-crop plants emerged as a critical
alternative food source, possibly influencing differences in isotopic niche overlap and trophic
position among coccinellid species through the season. However, each species responded
differently to these changes due to life-history traits that dictate their preferences or reliance on
prey and non-prey food (pollen). These shifts in abundance and foraging behavior had a direct
effect on network topology. Therefore, as aphid density increased, interaction networks became
significantly more nested, with specialist interactions forming subsets of those of generalists,
consistent with the expectation that higher resource availability promotes community-level

specialization.

Regarding the trophic ecology of the coccinellid species we sampled, most are
historically documented as consuming an aphidophagous diet, including Cycloneda sanguinea,
Eriopis connexa, Scymnus sp., Hyperaspis festiva, and Coleomegilla maculata (Hagen, 1962;
Wheeler & Jubb, 1979; Gordon, 1985, Gyenge et al., 1998; Giorgi et al., 2009). Conversely,
some species are known to be polyphagous (or generalist predators), such as Hippodamia
convergens and Harmonia axyridis (Gordon, 1985; Hodek et al., 2012; Roy et al., 2016). This
spectrum of trophic guilds illustrates the remarkable diversity of feeding strategies displayed
by Coccinellidae, and their inherent potential to exhibit trophic plasticity in response to varying

availability of food resources.

Corroborating our expectations, coccinellids adjusted their dietary habits in response to
resource availability, with the responses varying among species. Cycloneda sanguinea, for
instance, appeared to expand its isotopic niche as aphid density increased, suggesting greater
trophic generalism. This expansion was probably driven by a wider range of §'*C values,
indicating a shift in the use of basal resources (plants) and on distinct prey using these distinct
basal resources. However, this expansion in basal resource use did not compromise C.
sanguinea trophic position. On the contrary, the observed increase in §'°N values, coupled with
a narrower range, confirms the predatory role of this species (Minagawa & Wada, 1984; Post,
2002). These results are reinforced by the network analyses showing that this predatory activity
was likely directed at prey inhabiting non-crop plants, mainly Uroleucon aphids. Notably, C.
sanguinea interacted exclusively with this alternative prey, even in the presence of abundant
brassica-associated aphids, suggesting some degree of prey specialization within the overall

trophic generalism of this species.
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The increase in C. sanguinea "N values when crop aphid density was higher indicate
a shift toward a more prey-based diet, this may be a consequence of competitive release within
non-crop habitats (Bolnick et al., 2010; Andrades et al., 2019; Herrmann et al., 2021).
Specifically, the high availability of aphids in the crop likely triggered a foraging shift in
competitors such as H. convergens, H. axyridis, and E. connexa, which migrated to exploit
resources in the brassica crops (e.g., Feinsinger & Swarm, 1982). This hypothesis is supported
by our interaction networks, which reveal that these species (particularly H. convergens)
expanded their trophic niche, primarily targeting brassica-associated aphids under high-density
conditions. Consequently, this redistribution of foraging pressure may favored prey
consumption by C. sanguinea on non-crop plants, as suggested by its higher §'°N values at
higher aphid densities. This dynamic has important implications for conservation biological
control strategies aiming to maximize species diversity, because it suggests that for most
species (excluding C. sanguinea), Uroleucon is not perceived as a higher-quality resource than
brassica-associated aphids. This distinction is crucial because, if alternative prey were highly
preferred, they could distract predators, inadvertently releasing crop pests from predation

pressure in the crop area (Deere et al., 2024).

In contrast, E. connexa exhibited a marked contraction in its isotopic niche as aphid
density increased, signaling a shift towards greater resource specialization. The observed
enrichment in §'°N values further suggests that E. connexa intensified its consumption of prey,
likely brassica aphids, as indicated by interaction networks under both lower- and higher-
density conditions. These results corroborate the specialized behavior previously described
(Chapter 1), in which E. connexa was observed foraging primarily on the soil surface within
crop fields. Our findings confirm that this spatial segregation extends to its realized diet.
Together, these factors explain why E. connexa maintained the lowest isotopic niche overlap
with nearly all other species, even at higher aphid densities, supporting its functional

classification as a 'niche-fidelity specialist' (Chapter 1).

Hippodamia convergens maintained its isotopic niche breadth relatively constant at
lower and higher aphid densities. However, we registered a significant increase in its §'°N
values, indicating a shift toward a more prey-based diet under higher aphid densities. This trend
is reinforced by network analyses, which show that H. convergens interacted with a greater
richness of aphid species and at higher frequencies, particularly targeting brassica-associated
aphids. Remarkably, despite this intensified predation, this species also consumed the highest

diversity of plants, as revealed by DNA metabarcoding. The combined results of intense
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predation coupled with broad omnivory reinforce the status of H. convergens as a highly

generalist and superior competitor in organic brassica systems (Andow et al., 2022).

The increased niche overlap between C. sanguinea and H. axyridis at higher prey
densities is consistent with our previous findings (Chapter 1) showing that H. axyridis shifts
part of its foraging activity toward non-crop plants when overall coccinellid abundance
increases. Periods of high aphid density led to numerical responses of coccinellids, which can
promote spatial and dietary shifts that increase niche overlap. Although our interaction
networks did not explicitly capture this, H. axyridis likely consumes aphids effectively when
both prey density on brassicas and coccinellid abundance are low, suggesting it is an efficient
predator under prey scarcity. However, at higher aphid densities, H. axyridis failed to access
abundant prey resources, unlike other species (except C. sanguinea), which exhibited
significant 8'°N enrichment. This result suggests that /. axyridis acts as an inferior competitor
in our system, avoiding prey patches heavily exploited by superior competitors to minimize the
risk of interference (Cosner et al., 1999; Anderson, 2010), and also helps to explain why this
species did not successfully invade and does not dominate the aphidophagous coccinellid

communities in organic agroecosystems in our study region.

During periods of lower pest density, coccinellid populations and network structure
appeared to be supported by non-crop plants and the alternative prey they host. Supporting this
observation, Romero et al. (2023) demonstrated that under conditions of low aphid density,
coccinellid species significantly consumed more pollen grains compared to scenarios where
aphid density was high. Notably, the aphid genus Uroleucon was the only alternative prey
recorded interacting with coccinellids in these plants. Moreover, the higher nestedness
observed at higher aphid densities supports the observation that species adopted divergent
foraging strategies, with some becoming more generalist (e.g., C. sanguinea) and others more
specialized (e.g., E. connexa). Indeed, the coexistence of specialist and generalist strategies
often facilitates the formation of nested networks (Bascompte et al., 2003; Vazquez & Aizen,
2004). Furthermore, higher interaction density often leads to increased nestedness (Bascompte
etal., 2003). Yet, unlike mutualistic networks where nestedness promotes resilience, in trophic
networks, high nestedness is associated with reduced persistence, whereas modularity enhances
stability (Thébault & Fontaine, 2010). Consequently, the nested pattern observed under higher
aphid density is likely transient, reflecting short-term reorganizations of species interactions in

this ephemeral crop system, rather than a stable property of the network, because network
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structure depends on the spatial and temporal availability of interacting species (Tylianakis et

al., 2017).

The predominance of trophic links between coccinellids and non-crop plants suggests
a heavy reliance on floral resources like pollen and nectar. This strategy is consistent with the
findings that mixed diets including non-prey items (e.g., pollen, nectar, honeydew) improve
coccinellid performance when prey is also available (Lundgren, 2009). Although pollen
consumption is well described for several coccinellid species (Medeiros et al., 2010; D’ Avila
et al., 2016), the taxonomic extent of plant consumption in these systems has often remained
obscured by methodological limitations. To overcome this limitation, we employed diagnostic
PCR and DNA metabarcoding, which revealed a dietary complexity that prior studies had not
fully detected. Based on diagnostic PCR, we confirmed that at least some samples contained
arthropod DNA, predominantly from aphids, with only rare detections of Collembola, Diptera,
and Lepidoptera. However, the subsequent metabarcoding analysis failed to yield precise
taxonomic resolution for these or other arthropod prey, likely due to inherent methodological
limitations. DNA metabarcoding is subject to several processing biases. Specifically, the
combination of general primers and high-throughput sequencing often results in the preferential
amplification of the abundant consumer DNA, thereby masking the detection of scarcer or
degraded prey DNA (Cuff et al., 2023). Although previous studies successfully detected
arthropods in coccinellid guts using this technique (e.g., Romero et al., 2023), the authors
reported that up to 95% of the recovered sequences can derive from the coccinellids
themselves, significantly reducing the overall detectability of arthropod prey DNA (including
aphids). Furthermore, these detection challenges are further exacerbated by the rapid digestion
rate of aphids within the coccinellid gut (e.g., Rondoni et al., 2018).

Conversely, for plant DNA detection, this issue is mitigated as pollen grains possess a
more robust structure (exine) that hinders digestion by predators (Roulston & Cane, 2000;
Lundgren, 2009). Moreover, since the primers targeting the ITS region are designed to anneal
to plant-specific sequences, they prevent the co-amplification of the consumer's arthropod
DNA (e.g., Chen et al., 2010; Moorhouse-Gann et al., 2010), thereby avoiding the bias
observed in prey detection. Consequently, we successfully identified 45 distinct plant genera
from which coccinellids had probably consumed floral resources. This represents a significant
resolution, given that a recent molecular study on coccinellid gut contents identified only 14
plant taxa, with limited genus-level resolution (Batuecas et al., 2024). The level of detail we

achieved offers novel insights into the breadth of their omnivory and underscores the critical
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role of trophic plasticity, showing that these generalist predators exploit a wide diversity of

plant resources to persist under varying prey regimes.

Furthermore, this highlights the importance of non-crop plants as alternative resource
hubs, primarily due to their provision of non-prey food resources. Previous studies have
demonstrated that adjacent flower strips increase the abundance and diversity of natural
enemies and enhance natural pest control services across a range of contexts (Albrecht et al.,
2020; Crowther et al., 2023). Notably, these floral resources have been shown to be more
relevant to coccinellids in non-crop habitats than the alternative aphids they host (da Silva et
al., 2025). Supporting this, our stable isotope findings demonstrate that the richness of plant-
based resources consumed by coccinellids proved to be a predictor of coccinellid trophic
position and indirectly their foraging strategy. Specifically, coccinellids that feed on a greater
number of plant genera demonstrate a higher degree of trophic plasticity. This active
exploitation of multiple plant resources suggests a generalist foraging strategy which can
compensate for the stochastic availability of high-quality animal prey. By effectively
incorporating numerous plant genera into their diet, these individuals maintain a lower mean
815N signature, reflecting a greater reliance on plant-based resources and a lower trophic
position compared to those whose diet is less diversified. This pattern suggests an optimal

strategy under periods of prey scarcity.

We employed an integrative approach to resolve the trophic interactions of predators
renowned for their generalist feeding behaviors. It is well established that variations in prey
availability across space and time are critical drivers that compel generalist predators to modify
their foraging strategies (Lopez-Bao et al. 2011). However, interaction networks are typically
sampled only once, precluding the assessment of their inherent spatial and temporal variability
(Fortin et al. 2021). For example, in Coccinellidae, prey scarcity during early or late seasons
has been proposed as a selective pressure favoring the evolution of traits that allow the use of
alternative diets (Sloggett & Majerus, 2000). Our findings demonstrate that coccinellids adjust
their feeding behavior in response to prey availability, resulting in observable changes in
species trophic positions throughout the season, which were successfully tracked using stable
isotope analysis. Finally, by constructing interaction networks of coccinellids at two distinct
time points during the season (corresponding to periods of lower and higher aphid densities),
we move beyond the single-time-point sampling that characterizes most studies. Although still
limited, this approach allows us to begin elucidating the temporal dynamics of network

structure and their implications for network resilience and stability.
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Supplementary material

Table S1. Results from the model selection to determine the optimal number of components
(K) for the mixture model. Models were fitted across a range of K (1 to 5) and compared using
the Integrated Completed Likelihood (ICL) as the primary selection criterion. Other fit criteria
are also presented: Log-Likelihood, the Akaike Information Criterion (AIC), and the Bayesian
Information Criterion (BIC). The model with the lowest ICL value was chosen as the best-
fitting and most parsimonious solution. The Number of Components (K) indicates the number
of latent classes, while Iterations denotes the number of steps the Expectation-Maximization

(EM) algorithm took to converge.

Interactions converged K ICL logLik AIC BIC

32 TRUE 2 755.9 -360.604 735.2 755.8
48 TRUE 3 775.9 -357.023 736.0 768.5
126 TRUE 4 802.1 -352.246 734.5 778.7
168 TRUE 4 802.1 -352.246 734.5 778.7
2 TRUE 1 880.2 -432.665 871.3 880.2

Table S2. Number of positive detections of arthropods in the gut content of four coccinellid
species using diagnostic PCR analysis.

Positive detections
Coccinellid species N. of samples Aphid  Collembola Diptera  Lepdoptera  Total
Cycloneda sanguinea 61 16 1 3 0 20
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Eriopis connexa 7
Harmonia axyridis 31
Hippodamia convergens 141
Total 240

16
71
104

N = O O

12
15

0 1
1 17
0 84
1 122

Table S3. Number of sequences reads corresponding to plant genera detected in the gut content

of four coccinellid species using DNA metabarcoding analysis. CS = Cycloneda sanguinea,

EC = Eriopis connexa, HA = Harmonia axyridis, HC = Hippodamia convergens.

Genus
Amaranthus
Bidens
Tithonia
Galinsoga
Eleusine
Sonchus
Pinus
Artemisia
Digitaria
Euphorbia
Alternanthera
Trema
Cynodon
Syzygium
Cenchrus
Eucalyptus
Emilia
Sorghum
Cyperus
Urochloa
Plantago
Oryza
Ilex
Vernonia
Eragrostis
Tapirira
Psidium
Citrus
Corymbia
Cucumis
Cannabis
Triticum
Pteris
Matayba
Erigeron

Family
Amaranthaceae
Asteraceae
Asteraceae
Asteraceae
Poaceae
Asteraceae
Pinaceae
Asteraceae
Poaceae
Euphorbiaceae
Amaranthaceae
Cannabaceae
Poaceae
Myrtaceae
Poaceae
Myrtaceae
Asteraceae
Poaceae
Cyperaceae
Poaceae
Plantaginaceae
Poaceae
Aquifoliaceae
Asteraceae
Poaceae
Anacardiaceae
Myrtaceae
Rutaceae
Myrtaceae
Cucurbitaceae
Cannabaceae
Poaceae
Pteridaceae
Sapindaceae
Asteraceae

CS
3019
2559
1007
294
245
225
203
199
173
107

S O OO OO OO OO OO0 O oo ===

EC
198
185

S O O OO OO OO O O o o o oo

—_
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S O O O O o o O

200
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HA
2435
212
422
345
162
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o

1
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HC
5223
3186
899
857
2193
194
38

585
1921
664
796

59
178

137

212

159

159

17

105

27

219

41

18

143
59

Total
10875
6142
2328
1496
2600
419
241
199
758
2028
742
860
30

72
188
10
139

228

159
200
17

105

27
205
219
41
18
143
59
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Cucurbita Cucurbitaceae 0 0 0 4 4
Byrsonima Malpighiaceae 0 0 0 18 18
Carya Juglandaceae 0 0 0 5 5
Solanum Solanaceae 0 0 0 2 2
Brassica Brassicaceae 0 2 5 394 401
Chascolytrum Poaceae 0 0 0 200 200
Parthenium Asteraceae 0 0 0 18 18
Huperzia Lycopodiaceae 0 0 0 12 12
Baccharis Asteraceae 0 0 0 144 144
Pleioblastus Poaceae 0 0 0 2 2
Total 8224 600 3640 18908
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Fig. S1. Curves showing the mean number of plant genera identified (taxonomic richness) as
a function of the number of sequences reads subsampled from the gut content of each
coccinellid species (CS = Cycloneda sanguinea, HA = Harmonia axyridis, HC = Hippodamia

convergens).
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Fig. S2. Frequency distribution (histograms) of the predicted 6'*C signatures for the two latent
components (K=2) identified by the Finite Mixture Regression (FMR) model. These
components represent distinct groups with potentially different relationships between aphid

density (predictor) and 8'*C (response), as modeled using Gaussian components.
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Fig. S3. Predicted component-specific regression lines showing the relationship between aphid
density (predictor) and coccinellid 6'*C signatures (response). The distinct regression lines
correspond to the two latent groups (K=2) identified by the Finite Mixture Regression (FMR)
model, highlighting their potentially different ecological responses to prey availability.
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Fig. S4. Plant genus richness and diversity in the gut contents of three coccinellid species.
Richness (a), Shannon index (b), and Simpson index (c) of plant genera identified via
metabarcoding are compared among Cycloneda sanguinea (CS), Harmonia axyridis (HA), and
Hippodamia convergens (HC). Statistical differences (p < 0.05) between species are denoted

by different lower-case letters (Kruskal-Wallis rank-sum test).
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CHAPTER 3

Different natural vegetation types in the landscape shape coccinellid trophic

interactions and biological control

* This chapter is based on a manuscript submitted to the journal Ecological Applications and

is formatted according to its guidelines.

Abstract

Organic agroecosystems rely on biodiversity-based services, such as biological control,
which are influenced by local management and the surrounding landscape. Both local and
landscape characteristics have the potential to shape aphidophagous coccinellid communities
and affect biological control. Using a multiscale approach, we aimed to assess how different
natural vegetation types in the landscape influence the architecture of plant-aphid-coccinellid
networks, and how these interactions affect biological control. The study was conducted in 28
farms that grew organic collard from 2022 to 2024 in the Federal District, Brazil. Direct
sampling and field observations enabled us to model the plant-aphid-coccinellid networks,
considering both crop and non-crop plants in the field margins across different landscape
contexts. We also quantified biological control services through exclusion experiments in the
crop area. The plant-aphid-coccinellid network showed high connectance, generality, and
vulnerability but low nestedness, reflecting the generalist behavior of coccinellids in
agricultural systems. Non-crop plants provided prey, plant-based food, and shelter for
coccinellids. At the landscape level, forests reduced coccinellid abundance due to the adverse
effects on aphid densities. In contrast, the proportion of agricultural cover favored coccinellid
abundance because it promoted aphid infestation at broad spatial scales. Grasslands (semi-
natural habitats) increased network generality, while the amount of savannas favored network
modularity and positively impacted aphid predation. Nevertheless, the landscape effects on
community abundance and network architecture varied among spatial scales. According to a
structural equation model, prey availability, network structure, and landscape composition
jointly influenced aphid control, with outcomes depending on the combined effects of these
factors. Our results demonstrate that landscapes mediate species interactions, which in turn

shape biological control, thereby reinforcing the value of multiscale interaction-based
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approaches in agroecosystem management. This approach also revealed the need for different

vegetation types to support key ecosystem services in agricultural areas.

KEYWORDS: Agroecology; conservation biological control; ecosystem services; landscape

ecology; natural enemies; predation; non-crop plants; tropical

INTRODUCTION

Human-induced land-cover changes have led to the degradation and fragmentation of
natural habitats (Boivin et al., 2016; Norder et al., 2020), creating “novel ecosystems”
characterized by homogenized and altered communities assembling in local habitats
(Macdonald & King, 2018; Newbold et al., 2018). Coupled with environmental changes, such
transformations pose significant challenges to essential ecosystem services. This issue is
particularly critical for organic agriculture in tropical regions, which relies on biodiversity-
driven ecosystem services to sustain productivity (Noriega et al., 2018; Ramos et al., 2020). In
this context, nature-based solutions, which leverage natural processes to address environmental
and societal goals (Kabisch et al.,, 2016), emerge as a promising approach to reconcile
biodiversity conservation with sustainable food production in fragmented landscapes.

Landscape changes can modify habitat structure, reducing spatial and temporal overlap
between pests and their natural enemies, and thereby lowering natural enemy searching
efficiency (Tylianakis & Morris, 2017). Consequently, landscape composition and
configuration are key determinants of the structure and dynamics of natural enemy
communities and their interactions in local habitats (Fahrig et al., 2011; Hass et al., 2018;
Tscharntke et al., 2012). Structurally complex landscapes can enhance local diversity and
mitigate the effects of intensive management, depending on the species pool available to
colonize crop areas (Novaes et al., 2024; Tscharntke et al., 2005). Therefore, remnants of
natural vegetation may serve as reservoirs of beneficial insects that disperse to adjacent crop
fields, sustaining community diversity and the stability of trophic interactions (Assuncao et al.,
2022; Marins et al., 2024).

Landscape-mediated changes in species composition and abundance can alter how
organisms interact within ecological networks, as network architecture responds to landscape

features (Lami et al, 2021; Moreira et al., 2018; Tylianakis et al., 2007).
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Habitat homogenization and disturbance, for instance, may increase network
generalization and reduce modularity (Aizen et al., 2008; Tylianakis et al., 2007), while
decreasing nestedness across spatial scales (Moreira et al., 2015). Which can potentially reduce
the stability and reliability of ecosystem services such as biological pest control, depending on
how these structural changes influence interaction complementarity and functional
redundancy. Species at higher trophic levels often operate at broader spatial scales than those
at lower levels (Holt, 1996), which can lead to scale-dependent responses to landscape features
and thereby influence patterns of species encounters and interactions at local scales.
Additionally, each land cover type may have different effects on community patterns, affecting
how species assemble in different habitats. For example, a recent study on tropical organic
agroecosystems demonstrated that grasslands affect primarily parasitoid abundance, while
forests favor species richness and both mediate aphid parasitism rates (Marins et al., 2024).

Aphidophagous coccinellids may be suitable models for understanding such multiscale
effects on biodiversity because they respond to both landscape and local scales (Gardiner et al.,
2009a,b). Landscape simplification threatens native species by reducing habitat quality and
connectivity (Grez & Zaviezo, 2024; Soares et al., 2023), while fragmentation can lead to a
decline in their abundance (Taranto et al., 2022). In contrast, natural and semi-natural habitats
enhance coccinellid populations because species can use different habitat types in the landscape
(Grez et al., 2021). Consequently, the structural and functional composition of the landscape
can determine the effectiveness of biological control provided by them (e.g., Gardiner et al.,
2009a; Grez & Zaviezo, 2024). At the local scale, organic farming promotes greater evenness
within natural enemy assemblages (Crowder et al., 2010). In tropical smallholder organic
systems, for example, farmers often maintain strips of diverse non-crop plants that provide
food and shelter for several species (Amaral et al., 2013), increasing habitat permeability for
coccinellids (Venzon et al., 2019).

Therefore, evidence that landscape composition affects coccinellid communities and
related biological control services in well-established (e.g., Elliott et al., 2002; Gardiner et al.,
2009a; Grez et al., 2014; Grez & Zaviezo, 2024; Yang et al., 2018, 2019). While these studies
have advanced our understanding of community-level responses, less is known about how
landscape-mediated effects on species pool influence the structure of local trophic interactions,
ultimately affecting aphid predation (e.g., Tylianakis et al., 2007). More importantly, it is
necessary to know how each natural vegetation type in the landscape mediates community
patterns and species interactions. Here, we move beyond species richness and abundance to

test how landscape composition influences both community- and network-level properties of
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plant—aphid—coccinellid interactions across multiple spatial scales and their combined effects
on biological control. Specifically, we examined: (a) the effects of landscape composition on
coccinellid abundance, richness, and diversity; (b) on aphid density; (c) on network metrics
across scales; and (d) on biological control services. We hypothesize that agricultural
landscapes increase aphid densities, thereby favoring generalist coccinellid species, that are
more tolerant of homogeneous and disturbed environments. This shift toward generalists is
expected to reduce network modularity and increasing nestedness, leading to greater overlap
and redundancy in predator—prey interactions. Therefore, intensified intraguild predation and
competitive interference among predators may reduce aphid suppression and ultimately
weaken biological control. We also expect land-use types to influence coccinellids and network
structure at distinct spatial scales, reflecting scale-dependent responses influenced mainly
through different vegetation types at the landscape level. This integrated framework advances
our understanding of how landscape composition shapes multitrophic interactions and their

cascading effects on ecosystem functioning.

MATERIAL AND METHODS

Landscape context and study area

We conducted the study in the Brazilian Federal District (15°46'13.140" S,
47°44'46.408" W), a region located within Cerrado biome (Francoso et al., 2020). The climate
is characterized by dry winters, hot humid summers, with an annual rainfall of 1400 mm
concentrated in the rainy season (November to April) (Alvares et al., 2013). The Cerrado
harbors forests, savanna, and grasslands. Savanna formations consist of scattered trees and
shrubs in a grass-dominated landscape, lacking continuous canopy (Ribeiro & Walter 2008).

We sampled 28 organic farms with collard crops, at least 2 km apart, between 2022 and
2024 during the dry season (August—October), when coccinellids and aphids are most
abundant. Farms averaged 10.4 = 2.4 ha (mean + SE), belonged to smallholders, and had
organic certification for at least the last five years (Togni et al., 2019). Across all farms, collard
crops covered an average area of 4035 + 1345 m? (mean = SE) and were bordered by 5 to 10-
m-wide strips of spontaneous non-crop vegetation, mainly consisting of native or naturalized
herbaceous species commonly considered weeds. For instance, the main non-crop plants found
in these farms were from Asteraceae family: Bidens pilosa, Galinsoga parviflora, Sonchus

oleraceus, and Tithonia diversifolia. Here, we defined the crop and adjacent non-crop area (up
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to 10 m) as our local scale. Farmers used manual methods for weeding in the inter-row areas.
Aphids were controlled with water sprinklers, the removal of heavily infested plants, and,
occasionally, plant-based extracts permitted by Brazilian legislation for organic crops. The
latter method was not applied during the sampling period of this study. Despite differences
among farms, non-crop habitats consistently harbored diverse plant communities at various

phenological stages and provided similar structural and temporal resources.

Coccinellids and aphids sampling

Coccinellids and aphids were sampled once per farm, and each farm was considered a
separate sampling unit. We randomly established five 1 x 1 m quadrats per habitat type (crop
and adjacent non-crop strips) on each farm, with a total of 140 quadrats per habitat. The
quadrats in the non-crop strips were located up to 5 m from the crop edge, as strip widths ranged
from 5 to 10 m across farms. Each quadrat was inspected by at least two trained observers. All
coccinellids (and life stages) were recorded and identified to the lowest possible taxonomic
level. When possible, their behavior was observed to determine whether they preyed on aphids
or used plants as refuges or alternative food resources. Individuals were then manually
collected to avoid resampling. Observation and sampling continued until no additional
individuals were detected (10—-20 min/quadrat). Aphids on both crop and non-crop plants were
also identified to the lowest taxonomic level. Representative insect and plant samples were
taken to the laboratory for identification, assisted by a taxonomist and a reference collection

when needed.

Aphid density and biological control in farms

To estimate aphid density on crops, we randomly selected 40 collard plants per farm
and counted the total number of aphids on three leaves per plant. Each plant was treated as a
sampling unit, and we did not differentiate between winged and wingless aphids. To assess
aphid biological control, we conducted an exclusion experiment following Gardiner et al.
(2009a). On each farm, we randomly selected 30 brassica plants in the vegetative stage (3045
days after transplanting). We enclosed aphid-infested leaves in mesh bags (sizing 30 x 20 cm)
to exclude predators (treatment), pairing each with an open, tape-marked leaf (control). This

paired design controlled for plant-level variation affecting aphids and their natural enemies.
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During setup, we removed all non-aphid organisms and standardized aphid numbers on
treatment and control leaves within each plant, maintaining densities between 10 and 100
aphids according to natural variation in each plant. Five days later, we recounted aphids on
both leaves. Since no rainfall occurred, we ruled out dislodgement as a contributing factor to
mortality. We quantified the impact of natural enemies using the Biological Control Service
Index (BSI) (Gardiner et al., 2009a), based on final aphid counts on treatment and control
leaves. We calculated BSI as the relative difference in aphid abundance between treatments
and controls, averaged across replicates within each farm. Values range from 0 (no control) to

1 (complete control). The index was calculated as follows:

4 (Ac,p — Ao,p)
szl Acp
BSI = -
n

where Ac represents the number of aphids counted on the caged plant on day five, Ao is the
number of aphids on the open (control) plant on day five, p denotes the plot, and n corresponds
to the number of replicates within each site. Higher BSI values indicate stronger effects of
natural enemies. Parasitized aphids were excluded to isolate predator-induced mortality, as we
were interested only in predation effects. However, this approach did not allow us to distinguish

the effects of coccinellids from those of other predators.

Plant-aphid-coccinellid network architecture

To characterize tritrophic species interactions, we used field data on plants (bottom
level), aphids (middle level), and coccinellids (top level), pooled across all quadrants in each
farm, to construct a species-level weighted matrix representing the frequency of interactions
across all farms. Interactions were identified through direct and behavioral observations of
coccinellids and aphids on plants, including cases where coccinellids used plants as shelter or
alternative food sources. Aphids were linked to their host plants, and coccinellids to their aphid
prey. For methodological consistency, aphid-coccinellid interactions were considered to occur
when coccinellids were observed on plants infested with aphids, assuming that their primary
interaction was with the aphids. Direct coccinellid—plant interactions were recorded only when
aphids were absent or when coccinellids were observed using floral resources. The frequency
of coccinellid—aphid interactions was quantified based on the presence of aphids on the plants.

Thus, when a coccinellid was recorded on an aphid-infested plant, it was counted as a single
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interaction event. Consequently, these records represent potential, rather than individual,
coccinellid—aphid interactions occurring within the same plant.

We then constructed weighted tripartite networks, a general network by pooling data
across all farms and analyzed using the same metrics and partial networks for each farm. These
partial networks were constructed to represent a continuum of interaction patterns within the
general network, influenced by both landscape-level and local contexts. We extracted
ecological and topological metrics from these networks, including network-level metrics: a)
connectance: the proportion of established interactions relative to the total possible realized
(Bersier et al., 2002); b) specialization (H2’): the overall degree of network specialization,
indicating how selectively species interact, with higher values reflecting stronger specialization
(Bliithgen et al., 2006); c) modularity (Q): the degree to which the network is divided into
clearly delimited modules of species (Olesen et al., 2007); d) nestedness (NODF): which
quantifies how much specialist species interact with subsets of the partners that generalist
species interact with (Almeida-Neto et al., 2008); e) vulnerability (V) average number of
predators per prey, reflecting how strongly species function as prey (Schoener, 1989).

We also extracted node-level metrics: a) network size (S): the number of nodes (i.e.,
species and resource types) in the network (Dunne et al., 2002b); b) trophic generality (G): the
average number of preys per predator, indicating the prevalence of generalists versus specialists
in the system (Schoener, 1989). We calculated all network metrics using the bipartite, igraph,
and cheddar packages in R (Antonov et al., 2023; Dormann et al., 2009; Hudson et al., 2013).
We used these metrics to assess how trophic structure and network organization relate to aphid

biological control efficiency across farms.

Landscape characterization

We characterized the landscape based on 30 m resolution satellite imagery from the
MapBiomas Collection 9 (Souza Jr. et al., 2020), which distinguishes over 30 land cover types.
We reclassified the original MapBiomas land-use into six broader categories: Forests,
Savannas, Grasslands, Pasture, Agriculture and Urban areas. This reclassification was
performed by grouping the original MapBiomas classes as follows: (1) Forests, which included
Forest Formation, Mangrove, and Wooded Sandbank Vegetation; and (2) Agriculture, which
included Agriculture, Soybean, Sugarcane, Rice, Cotton, Other Temporary Crops, Perennial

Crop, Coftee, Citrus, and Other Perennial Crops. We performed these analyses using the free
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software QGIS (QGIS, 2025). In our study area, grasslands comprise disturbed native
vegetation interspersed with both natural and anthropogenic pastures and therefore represent
semi-natural habitats. We used the Scalescape package to estimate distance-weighted
landscape effects on response variables (Lowe et al., 2022). This approach identified the buffer
size that best explained each response and quantified how landscape influence decayed with
distance. It also enabled us to assess how multiscale factors influenced predator communities,
prey density, and network metrics, while mitigating issues associated with fixed or multiple-

buffer approaches (Lowe et al., 2022) (Appendix S1: supplementary methods).

Statistical analysis

To test whether the observed network metrics differed from random expectations, we
compared them to null models generated from pooled species interaction data across all farms
using the data pooled data of all farms. We randomized the interaction matrices 1,000 times
using the r2dtable method in the bipartite package, which preserves species’ interaction
frequencies by fixing marginal totals and prevents artifacts related to model construction
(Dormann et al., 2009). We then calculated the metrics for each randomized network and
assessed deviations from the null distributions using Z-scores and one-sample t-tests
(Vanbergen et al., 2017).

To evaluate the direction and strength of the effects of landscape composition (within
the spatial scale identified a priori from the Scalescape analysis — See Appendix SlI:
supplementary methods) on coccinellid community attributes (abundance, richness, and
diversity), aphid density, and network variables, we fitted Generalized Linear Models (GLMs)
using the /me4 and glmmTMB packages (Bates et al., 2015; Brooks et al., 2017). We performed
model selection to identify the best combination of predictors explaining variation in
coccinellid abundance and network modularity. Interaction terms among predictors previously
not tested in the Scalescape models (Appendix S1: Supplementary Methods) were included.
Model selection was based on the Akaike Information Criterion corrected for small samples
(AICc; Burnham and Anderson, 2002).

To evaluate the effects of landscape composition on coccinellid abundance, we fitted a
GLM with a negative binomial distribution, with aphid density and the proportions of forest
and savanna as predictors. Although the forest alone provided the best fit in the previous

Scalescape model selection (Appendix S1: Table S1), we also included the savanna because

99



aphid density was introduced as a new predictor. Therefore, we expected these two land-cover
types to interact with aphid density in opposite ways, potentially exerting contrasting effects
on coccinellid abundance. The global model included all three predictors and their interactions,
and the final model was selected based on the lowest AICc value (Appendix S1: Table S3).

To test the effects of landscape composition on coccinellid diversity (Shannon and
Simpson diversity indices), we fitted separate GLMs with a Gaussian distribution. The
proportion of agricultural land was included as the predictor, following the best-supported
models identified in the Scalescape analysis (Appendix S1: Table S1). To evaluate the effect
of landscape composition on aphid density, we fitted a GLM with a negative binomial
distribution, with the proportion of forest as the sole predictor (see Appendix S1: Table S1).

Similarly, we assessed the influence of landscape composition on network properties
by fitting separate models for each metric. For nestedness, generality, and connectance, we
fitted GLMs with a Gaussian distribution. For nestedness and generality, the proportion of
grassland was used as the sole predictor, whereas connectance was modeled using the
proportion of savanna (Appendix S1: Table S2). For network modularity, we first adjusted zero
values by adding a small constant (¢ = le—6; Smithson & Verkuilen, 2006) and then fitted a
GLM with a beta distribution. We included the proportions of agriculture and savanna as
predictors, as this combination was best supported in the previous Scalescape analysis
(Appendix S1: Table S2). The global model comprised both predictors and their interaction
term and the final model was selected based on the lowest AICc value (Appendix S1: Table
S4).

To evaluate the direct and indirect effects of network, prey, and landscape features on
biological control (BSI) we used Structural Equation Models (SEMs), implemented with the
piecewiseSEM package (Lefcheck, 2016). We first fitted the component models separately.
Network modularity and aphid density were modeled as previously described, but for
modularity we used a Generalized Additive Model (GAM), as piecewiseSEM does not support
glmmTMB models. We then modeled the BSI using a GAM with a beta distribution, including
modularity and aphid density as predictors (see Appendix S1: Table S5). These component
models were then combined in the first SEM that included models for modularity, aphid

density, and BSI.

In the second SEM, we replaced modularity with connectance as the network metric.
Connectance and aphid density were modeled as previously described, but based on the

analysis of independence claims, we also included network connectance as a predictor for aphid
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density. The BSI was then modeled using a GAM with a beta distribution, with connectance
and aphid density as predictors. Model adequacy was assessed through d-separation tests
(Shipley, 2009). When these tests indicated missing paths, additional links were incorporated
into the initial model to enhance model fit, provided they were biologically plausible (Bouchard
et al., 2018). We extracted standardized path coefficients using the parameters package
(Liidecke et al., 2020) to compare effect sizes across models. This step was necessary because
piecewiseSEM does not provide standardized coefficients for all distribution types included in

our models.

RESULTS

Community composition

In total, seven coccinellid species, four aphid species, and 17 plant species were
recorded. The mean coccinellid abundance was 34.7 + 6.6 individuals/farm (mean =+ SE). The
coccinellid species observed were Hippodamia convergens (n = 947 individuals), E. connexa
(n = 114), Cycloneda sanguinea (n = 86), H. axyridis (n = 71), Hyperaspis festiva (n = 7),
Scymnus sp. (n =5) and Coleomegilla maculata (n = 2). Coccinellids were observed to interact
mainly with Brevicoryne brassicae (n = 294), Uroleucon spp. (n = 187), Myzus persicae (n =
75), and Lipaphis pseudobrassicae (n = 41). Coccinellids were most frequently observed on
four non-crop plant species: B. pilosa (Asteraceae) (n = 279), S. oleraceus (Asteraceae) (n =
179), G. parviflora (Asteraceae) (n = 68), and Cyperus rotundus (Cyperaceae) (n = 62). The
interaction of coccinellids with B. pilosa occurred on 86% of the farms, with S. oleraceus on
71%, and with both G. parviflora and C. rotundus on 39%. Similarly, coccinellids interacted
with B. brassicae on 78% of the farms, with aphids of the genus Uroleucon on 68%, with L.
pseudobrassicae on 29%, and with M. persicae on 25%. (Appendix S1: Table S4).

Landscape effects on community parameters

The proportion of savanna had a significant positive effect on coccinellid abundance
(estimate = 2.311 £ 0.91; z=2.53; p = 0.011; y* = 6.58; d.f. = 1; p = 0.011) (Figure 1a) and
peaked at a scale of 10.9 km (Appendix S1: Figure Sla, b). Aphid density on farms had a

statistically significant, though modest, positive effect on coccinellid abundance (estimate =
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0.007 + 0.002; z = 3.83; p = 0.0001; > = 11.68; d.f. = 1; p = 0.0006) (Figure 1b). Similarly,
the proportion of agriculture had a positive effect on coccinellid diversity (Simpson index:
estimate = 2.146 + 0.71; t = 3.03; p = 0.005; > =9.2; d.f. = 1; p = 0.002; Shannon index:
estimate = 2.1439 + 0.82; t =2.60; p = 0.015; x> =6.7; d.f. = 1; p = 0.009) (Figure 1c), but at
smaller spatial scales (5.7 and 4.8 km, respectively) (Appendix S1: Figure Slc, d, e, f).
However, the amount forest negatively affected aphid density (estimate = -11.697 + 4.48; z =
-2.61; p=0.009; > = 6.3; d.f. = 1; p=0.011) (Figureld) at a 1.6 km radius buffer (Appendix
S1: Figure Slg, h). Moreover, coccinellid richness was not significantly influenced by any

land-use type.
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FIGURE 1. Effects of land covers within the optimal buffer on coccinellid and aphids’
communities, based on generalized mixed-effects models (see Appendix S1: Table S1 and S3
for model selection details). Proportion of savanna and aphid density on coccinellid abundance
(a, b); agriculture on coccinellid diversity (Simpson index) (c); and forest (d) on aphid density.

Shaded areas indicate standard errors.
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When comparing the observed general network metrics with null models, we observed
that plant-aphid-coccinellid networks were not randomly structured, since almost all metrics,
except for modularity (Observed Q: 0.15, Expected C: 0.17 + 0.03, z = -0.66, p = 0.51) and
specialization (Observed H2’: 0.26, Expected C: 0.22 + 0.03, z = 1.12, p = 0.26) were
significantly different from the null model means (Figure2b). The network had a high
connectance (Observed C: 0.10, Expected C: 0.03 = 0.001, z = 77.63, p < 0.0001) and
generality (Observed G: 7.73, Expected G: 5.97 + 0.23, z= 7.54; p < 0.0001). Nevertheless,
the network exhibited lower observed nestedness (Observed WNODF: 16.47, Expected
WNODF: 43.92 + 2.35, z = -11.69, p < 0.0001) and high vulnerability (Observed V: 3.86,
Expected V:2.99 £ 0.12, z=7.24, p < 0.0001).

Partial networks exhibited high variability in their network sizes metric values. For
instance, network size (S), varied from a minimum of 4 nodes to a maximum of 15. This
variability in network size was also reflected in other metrics, such as connectance (0.10 -
0.25), generality (1.33 - 4.00), modularity (0 - 0.36), specialization (0 - 0.43), and nestedness
(6.67 - 27.27). However, while the network structure varied among farms, the interacting
partners remained largely consistent. Consequently, the observed differences likely reflect
variations in both landscape-level and local contexts. Despite these differences, our partial

networks proved to be representative parts of the general network.
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FIGURE 2. Structure and metrics of the tritrophic interaction network. (a) Network among
plants (green nodes), aphids (blue), and coccinellids (red). Links are colored by trophic level:
green = plant—coccinellid, blue = aphid—coccinellid or aphid—plant. Link width indicates
interaction frequency. (b) Observed network metrics (vertical dashed lines) compared with null

model distributions (density plots) from 1,000 randomizations.

Landscape effects on network structure and biological control

Savannas had a negative effect on network connectance (estimate =-0.111 + 0.05; t = -
2.16; p=0.040; y*>=4.7; d.f. = 1; p = 0.03; Figure 3a) with the strongest impact observed at a
small spatial scale (0.89 km radius buffer) (Figure S2a, b), while grasslands negatively affected
nestedness (estimate = -132.284 + 22.66; t = -5.84; p < 0.0001; y*>=34.1; d.f. = 1; p <0.001;
Figure 3b) at a higher spatial scale (2.3 km radius buffer; Figure S2c, d). Conversely, grasslands
had a positive effect on generality (estimate = 7.624 £ 3.71; t =2.05; p = 0.050; x> = 4.2; d.f. =
1; p = 0.040) (Figure 3c), with the strongest impact observed at a small spatial scale of 0.56
km radius buffer (Figure S2e, f). Similarly, the proportions of agriculture (estimate = 3.853 +
1.23;z=3.14;p=0.002; > =9.9; d.f. = 1; p = 0.002; Figure 3d) and savanna (estimate = 3.819
+1.37; z=2.79; p = 0.005; ¥* = 7.8; d.f. = 1; p = 0.005; Figure 3e) had positive effects on
network modularity. The strongest impact observed for agriculture was at moderate spatial
scale (3.6 km radius buffer) (Figure S2g, h), and for savannas it was at a higher spatial scale

(10.9 km buftfer radius) (Figure S2i, j).
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FIGURE 3. Effects of land covers within the optimal buffer on metrics of tritrophic interaction
network, based on generalized mixed-effects models (see Appendix S1: Table S2 and S4 for
model selection details). Proportion of savanna (a) on network connectance; grassland (b) on
network nestedness; grassland (c) on network generality; agriculture (d) and savanna (e) on

network modularity (see Appendix S1: Table S2 e S4 for model selection details). Shaded areas

indicate standard errors.

Regarding the variables that directly affected biological control, aphid density (estimate
=-0.004 £0.001; z="-3.67; p=0.0002; > = 13.5; d.f. = 1; p = 0.0002; Figure 4a) and network
connectance (estimate =-5.422+2.14;z=-2.53; p=0.011; x*=6.4;d.f. = 1; p=0.011; Figure
4b) had negative effects. Contrary, network modularity (estimate = 2.061 + 0.79; z=2.60; p =
0.009; - =6.8; d.f. = 1; p = 0.009; Figure 4d) had a positive effect.
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FIGURE 4. Effects of (a) aphid density per plant, (b) network connectance and (c) modularity
on aphid control measured through the Biological Control Index (BSI). See Appendix S1:

Table S5 for model selection details. Shaded areas indicate standard errors.

Spatial and ecological drivers of biological control

The first SEM showed a good overall fit to the data (y* = 5.41, d.f. = 6, p = 0.492;
Fisher’s C = 7.69, d.f. = 12, p = 0.809), indicating that the specified causal relationships are
are consistent with the observations and that no relevant paths were missing from the model.
The proportion of agriculture (standardized coefficient = 0.54; 95% CI = 0.19, 0.89) and
savanna (standardized coefficient = 0.57; 95% CI = 0.20, 0.95) had significant positive direct
effects on network modularity. Agriculture (standardized coefficient = 0.10) and savanna

(standardized coefficient = 0.11) proportions also had indirect positive effects on biological
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control through their influence on network modularity (Figure 5). Aphid density had a
significant negative direct effect on biological control (standardized coefficient = -0.253; 95%
CI =-0.44, -0.06) (Figure 5). Meanwhile, forest proportion had a significant negative direct
effect on aphid density (standardized coefficient = -0.41; 95% CI = -0.70, -0.10), therefore
indirectly and positively affecting aphid biological control (standardized coefficient = 0.11)
(Figure 5).
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FIGURE 5. Path diagram of the Structural Equation Model (SEM) testing the direct and
indirect pathways through which landscape composition mediated by network modularity and
aphid density affects aphid biological control, quantified by the Biological Control Index (BSI).
Green arrows indicate positive effects and red arrows negative effects. All estimated direct

paths from predictor variables to network modularity and BSI were statistically significant (p

<0.05).

The second SEM also showed a good overall fit to the data (y* = 6.06, p = 0.195, df =
4; Fisher’s C =10.10, d.f. = 8, p = 0.195). In this model, the proportion of savanna had a direct
negative effect on network connectance (standardized coefficient = -0.38; 95% CI = -0.74,
0.04), and connectance, in turn, had a direct negative effect on biological control (standardized
coefficient =-0.26; 95% CI =-0.46, -0.05). Network connectance also exerted a direct negative
effect on aphid density (standardized coefficient = 0.45; 95% CI =-0.72, -0.17). Because aphid
density negatively affected biological control (standardized coefficient = -0.38; 95% CI = -

0.59, -0.16), network connectance consequently had an indirect positive effect on it

106



(standardized coefficient = 0.17). Similarly, the proportion of forest negatively affected aphid
density (standardized coefficient = -0.34; 95% CI = -0.61, -0.06), thereby exerting a positive

indirect effect on biological control (standardized coefficient = 0.13) (Figure S3).

DISCUSSION

Landscape composition strongly influenced not only coccinellid abundance and
diversity but also the structure of plant—aphid—coccinellid networks. High connectance and
generality indicated that species exploit multiple plant and aphid resources simultaneously,
whereas low nestedness and high vulnerability revealed limited redundancy and greater
sensitivity to disturbance (Biggs et al., 2020; Piazzon et al., 2011; Sanders et al., 2018).
However, these effects varied across land-cover types and scales. Savannas enhanced
coccinellid abundance at broader scales, agricultural areas increased diversity, and grasslands
promoted generality. Aphid availability, network structure, and landscape composition jointly
influenced aphid control, with outcomes depending on the combined effects of these factors.
influenced aphid control, with outcomes depending on the combined effects of these factors.
Overall, our results demonstrate that landscapes mediate species interactions, which in turn
shape biological control, thereby reinforcing the value of multiscale interaction-based
approaches in agroecosystem management.

The main species in our study — C. sanguinea, E. connexa, H. axyridis and
Hippodamia convergens — are all generalist predators well adapted to agricultural habitats
(Hodek et al., 2012), yet they differ in their functional traits and habitat affinities. For instance,
H. axyridis is closely tied to agriculture, whereas C. sanguinea and H. convergens inhabit a
broader range of environments (Grez et al., 2021). Trait differences likely explain uneven
responses to local and landscape features (Perovi¢ et al., 2025; Poveda et al., 2025) and
modulate their trophic interactions, helping to account for the effects of landscape composition
on the plant—aphid—coccinellid network topology observed here.

Landscape composition modulated these communities in distinct ways. Forests reduced
coccinellid abundance, in contrast to temperate systems where they serve as overwintering
refuges (Elliott et al., 1999; Gardiner et al., 2009a). In tropical systems, where overwintering
does not occur, forests may instead limit aphid colonization, by acting as a barrier, and reducing
prey availability. Conversely, savannas increased coccinellid abundance, likely due to their

intermediate structural complexity and resource diversity and continuity (Ribeiro & Walter,
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2008; Honek et al., 2017). Generalist species, such as H. convergens and C. sanguinea, are
likely favored in these heterogeneous environments (Mendoza-Arroyo & del-Val, 2024;
Sloggett & Majerus, 2000).

Agricultural cover positively affected coccinellid diversity, reflecting the dominance of
species adapted to crop habitats (Sloggett & Majerus, 2000). High prey availability in
agricultural landscapes may relax competitive exclusion, allowing species to coexist despite
resource overlap (Chesson, 2000; Holt, 1984) thereby promoting higher coccinellid diversity.
Forest cover, in contrast, reduced aphid density, a pattern consistent with other studies in
tropical agroecosystems (Marins et al., 2024, Novaes et al., 2024). This likely reflects dispersal
limitation, as they are mainly dispersed by wind currents (Riley et al., 1995), and the stratified
forest canopy may act as a physical barrier to their colonization, as demonstrated for whiteflies
(Machado et al., 2024). Although agricultural areas provide abundant and conspicuous
resources (Root, 1973; O’Rourke et al., 2017), the proportion of agricultural cover in the
landscape had no effect on aphid densities, suggesting that forest barriers may play a more
important role in modulating aphids populations. Additionally, the typical high disturbance and
temporal variability of agricultural systems (Urruty et al., 2016) may further constrain their
establishment.

Network structure reflected these dynamics in mediating species interactions. High
connectance and generality, but low specialization and nestedness, reflect the coccinellids'
generalized feeding habits on plants and aphids (Romero et al., 2023). Although this flexibility
promotes interaction richness, it also increases vulnerability, as consumers rely on overlapping
resources (Schmidt et al., 2024). Simplified landscapes may amplify this vulnerability
(Tylianakis et al., 2007), as homogeneous prey conditions heighten the risk of cascading
failures when local resources decline (Liere et al., 2015). Thus, the apparent robustness of
highly connected networks (Dunne et al., 2002a) may mask instability driven by ephemeral
crop resources (Morrison et al., 2020; Kortsch et al., 2023; Wissinger, 1997).

Savannas and grasslands shaped network architecture in different ways. Savannas
reduced connectance, while grasslands decreased nestedness but increased generality, likely
reflecting disturbed semi-natural habitats that favor generalist dominance (Gamez-Virués et
al., 2015). The loss of specialists disrupts nestedness, whereas persistent generalists inflate
generality (Bascompte et al., 2003), broadening functional roles but lowering redundancy and
complementary effects on aphid predation (Dehling et al., 2021). Agriculture and savannas also
increased modularity, likely due to spatial compartmentalization of interactions among crop

and non-crop plants (Assuncdo et al., 2022; Melo-Ceron et al., 2025). Although agricultural
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areas support higher diversity, if competition or intraguild interactions arise, it may be higher
within modules, also limiting the functional complementarity of species.

As expected, landscape effects on coccinellid abundance, diversity, and network
structure were scale-dependent. Savannas influenced coccinellid abundance up to 10.9 km,
while agriculture affected diversity at ~5.7 km. Connectance and generality responded to scales
below 1 km, and modularity operated at broader scales (3.5-10.6 km). Patterns of abundance
and diversity appear to be driven by large-scale processes such as resource tracking or dispersal
limitation, while local predator—prey dynamics determine interaction structure. These findings
parallel scale dependence observed for pest-enemy (Novaes et al., 2024) and bee—plant
networks (Assuncdo et al., 2022), contrasting with temperate agroecosystems (Gardiner et al.,
2009a).

Modularity positively affected aphid biological control, contrary to parasitoid-based
networks (Macfadyen et al., 2011; Yang et al., 2021). Here, modularity likely reflects habitat-
driven specialization mediated by non-crop plants that provide floral resources and alternative
prey (Amaral et al., 2013; da Silva et al., 2025), promoting differential use of non-crop habitats
by coccinellid species and, consequently, the emergence of distinct interaction modules. Such
resource diversification reduces niche overlap, which may enhance biological control
(Svanbiack & Bolnick, 2007) thereby increasing the effectiveness of predation through
complementary resource use (Greenop et al., 2018). In parallel, higher modularity lowers the
likelihood of cascading disturbances by compartmentalizing species interactions, confining
perturbations within modules and slowing their spread across the network (Hermann et al.,
2023; Olesen et al., 2007; Tylianakis et al., 2010), thereby strengthening network robustness
(Gilarranz et al., 2017; Stouffer & Bascompte, 2011). Together, these processes probably
contribute to more stable and effective ecosystem service provision.

Conversely, high connectance reduced biological control, suggesting that dense
networks may intensify competition and intraguild predation (De Heij & Willenborg, 2020;
Traugott et al., 2012). Yet, connectance also indirectly benefited aphid control by lowering
aphid density, highlighting its context-dependent nature. At higher aphid densities on brassicas,
biological control was less effective, likely because aphid recruitment exceeded the removal
capacity by natural enemies (Latham & Mills, 2010; Zhao et al., 2024). This pattern further
underscores the role of landscape composition, particularly forests, in suppressing aphid
populations. However, BSI values cannot be solely attributed to coccinellids, as aphid removal
likely reflects the collective contributions of coccinellids and other aphidophagous species

(e.g., Marins et al., 2024). Altogether, our findings highlight the importance of multiscale
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integration of network structure, resource dynamics, and landscape context to unravel the
mechanisms underlying effective biological control in agroecosystems, where local habitat
conditions interact with broader-scale processes such as species pool composition and dispersal

(Gordon et al., 2024; Neumiiller et al., 2020).

CONCLUSION

Our results indicate that biological control in tropical smallholder systems dependents
not only on predator abundance or diversity but also on the structure of plant—aphid—coccinellid
interaction networks. Non-crop plants sustained these networks by providing alternative prey
and floral resources, enhancing modularity and stability, and should be recognized as key
nature-based solutions for maintaining predator populations and interactions. At the same time,
agricultural areas provide abundant prey, whereas savannas offer complementary resources and
refuges for coccinellids, thereby increasing their abundance and network modularity, and
indirectly strengthening aphid predation. Altogether, these findings reveal that distinct
vegetation types play complementary roles in predator—prey interactions, underscoring the
importance of conserving heterogeneous mosaics of forests, savannas, and grasslands in
agricultural landscapes, particularly in non-forest regions such as the Cerrado biome. This
perspective supports landscape designs that integrate natural vegetation as a functional

component of agroecosystems during agricultural expansion.
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Appendix S1

Supplementary methods

Data analysis

We fitted generalized linear models (GLMs) with the betareg and MASS packages
(Griin et al., 2012, Venables & Ripley 2013) to model local responses, including coccinellid
abundance, richness, Shannon and Simpson diversity, aphid density, and network metrics
(modularity, nestedness, vulnerability, connectance, generality, specialization) in separate
models and without predictors (local models).

For each response variable, we built landscape GLMs by adding individual land cover
predictors (forest, savanna, grassland, pasture, agriculture, and urban) to the respective local
model. We tested each cover type in separate models. For coccinellid abundance, network
modularity and nestedness, we also tested additive combinations when individual predictors
showed significant effects (p <0.05). The additive models were: coccinellid abundance: forest
+ savanna; modularity: agriculture + savanna, agriculture + savanna + urban, forest + savanna
+ urban and forest + urban); nestedness: agriculture + grassland, grassland + pasture . To ensure
model parsimony and avoid overfitting, we restricted additive models to justified cases. For
the same reason, we neither included all predictors in a single model nor tested for variable
interactions, as the resulting complexity would have exceeded the predictive capacity of our

analysis, increasing the chances for type I errors. After extracting the landscape composition

123


https://doi.org/10.1016/j.agee.2019.03.008
https://doi.org/10.1016/j.agee.2017.12.013
https://doi.org/10.3390/agronomy14102242

from the most explanatory buffer size for each response variable, we proceeded by selecting
only the landscape cover types that had significant effects on local variables for the subsequent
analysis. We selected all final models based on the lowest AIC values (Tables S1 and S2) and
validated model assumptions using residual diagnostics from the DHARMa package (Hartig &
Lohse 2020). These objectively selected variables were then carried forward into statistical

models where we tested the effects of landscape composition on the local metrics.

Supplementary results

Table S1. Model selection results for Scalescape models assessing the effects landscape
composition on coccinellid abundance, coccinellid diversity (Simpson and Shannon indices)
and aphid density. Data were collected from 28 organic brassica farms in the Brazilian Federal

District between 2022 and 2024. Within these models, bold parameter values are statistically

significant (p < 0.05).

Response  Model Predictors AIC AAIC Weight  Estimate SE t p-value

1 Forest 263.77 0.00 0.423 -2.301 0.890  -2.585  0.010

2 Savanna  265.03 1.26 0.226 2513 1.044 2407  0.016

3 Grassland  266.68 291 0.099 11.575 7.133 1623 0.105

Coccinnelid Forest -1.663 1109  -1.500  0.134

abundance 4 Savanna 266.73 2.96 0.096 1.334 1268  1.052  0.293

5 Urban 266.94 3.17 0.087 -1.540 0817  -1.884  0.060

6 Pasture 268.71 4.94 0.036 0.603 0.590  1.022 0307

7 Agriculture  268.87 5.10 0.033 -1.188 1260  -0.943 0346

8 Agriculture  47.94 0.00 0.836 2.146 0.708  3.030  0.006

9 Savanna 52.88 4.94 0.071 -1.179 0.631  -1.868  0.073

Sif;g:;“ 10 Utban 54.38 6.44 0033  -1.171 0838  -1397  0.174

11 Grassland 55.06 7.12 0.024 -6.016 5319 -1131  0.268

12 Forest 55.27 7.33 0.021 -9.470 9.113  -1.039  0.308

13 Pasture 56.03 8.09 0.015 -0.450 0757  -0.594  0.558

Shannee 14 Agriculture  57.10 0.00 0.708 2.139 0.824 259  0.015

index 15 Savanna 61.03 3.92 0.100 -1.213 0.774  -1.568  0.129

16 Urban 61.76 4.65 0.069 -1.271 0966  -1315  0.200
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17 Grassland 62.44 5.34 0.049 -6.251 6.068 -1.030 0.312
18 Forest 62.79 5.69 0.041 -8.842 10.424 -0.848 0.404
19 Pasture 63.23 6.13 0.033 -0.437 0.786 -0.554 0.584
20 Forest 312.00 0.00 0.484 -11.697 4.482 -2.61 0.009
21 Pasture 314.38 2.38 0.147 3.852 2.120 1.817 0.069
22 Urban 314.69 2.69 0.126 -1.711 0.850 -2.013 0.044
i . Forest 314.98 508 0.109 -12.64 4.644 -2.721 0.007
density Urban 1.211 1.188 1.019 0.308
25 Grassland 316.43 4.43 0.053 5.591 4.714 1.186 0.236
26 Savanna 316.95 4.95 0.041 0.965 0.928 1.04 0.298
27 Agriculture 316.99 5.00 0.040 -0.795 0.782 -1.016 0.309

Table S2. Model selection results from Scalescape models assessing the effects of landscape

composition on network modularity, nestedness, connectance, and generality. Network metrics

not included here are those for which no land-use variable had a statistically significant effect.

Data were collected from 28 organic brassica farms in the Brazilian Federal District between

2022 and 2024. Within these models, bold parameter values are statistically significant (p <

0.05).

Response Model Predictors AIC AAIC Weight  Estimate SE y/ p-value

Agriculture 4.122 1.286 3.205 0.001

1 -106.29 0.00 0.436

Savanna 4.236 1.290 3.283 0.001

Agriculture 4.442 1.464 3.034 0.002

2 Savanna -104.58 1.72 0.185 4.752 1.650 2.880 0.004

Urban 1.032 1.968 0.524 0.600

Forest -26.242 13.936  -1.883 0.060

3 Savanna -103.85 245 0.128 2.094 1.144 1.831 0.067

Urban -2.302 1.499  -1.536 0.125

Network 4 Savanna -103.77 2.52 0.124 3.535 1.008 3.507 0.001

modularity Forest -34461 12775 -2.698  0.007

> Urban -102.49 380 0.065 -3.545 1.361  -2.605 0.009

e Forest -101.53 4.76 0.040 -27.029 8173  -3.307 0.001

7 Agriculture  -98.71 7.59 0.010 3.460 1.378 2.511 0.012

8 Urban -98.27 8.03 0.008 -3.626 1.372  -2.643 0.008

9 Pasture -96.40 9.90 0.003 1.735 0.723 2.399 0.016
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10

Grassland ~ -93.09 1320  0.001 4953 7214 -0.687  0.492
1 Grassland  155.02  0.00 0.568  -138.453 24.405 -5.673 <0.0001
Agriculture -6.073 4.241 -1.432 0.165
12 Grasslana >/ 209 02000 116370 30588 -3.804  0.001
Grassland 127.925 26283  -4.867 <0.0001
= Pasture lspsl - 229 O 12.009 9425 1274 0214
Network 14
nestedness Agriculture  164.10 9.08 0.006 -7.888 1.968 -4.009 0.001
= Pasture 17198 1696  0.000 28.785  12.004 2398  0.024
16 Forest 17334 1832 0.000 7273 3531 2059  0.050
1y Savanna 17596 2094  0.000 7674 6192 -1239 0226
18 Urban 177.13  22.11 0.000 6875 10706 0642 0526
= Savanna  -88.28 0.00 0.490 0112 0.052 -2.164  0.040
20 Grassland  -86.32 1.96 0.184 20552 0342 -1.615  0.118
21 Urban -85.51 2.76 0.123 0.051 0038 1341  0.191
Network
connectance Forest -84.93 335 0.092 0.392 0355  1.105 0279
e Do 8402 426 0.058 0032 0053 0595  0.557
24 Agriculture  -83.82  4.46 0.053 0.029 0070 0407  0.687
= Grassland  60.87 0.00 0.456 8.040 3.840  2.094  0.046
26 Savanna 62.97 2.11 0.159 0913 0618 -1477  0.152
Network 21 Urban 63.43 2.57 0.126 0.999 0762 1312 0201
generality 28
Forest 63.47 2.61 0.124 13.197 10173 1297  0.206
2 Pasture 64.39 3.52 0.078 21129 1270 -0.889  0.382
30 Agriculture  65.00 4.14 0.058 20459 0998  -0460  0.650

Table S3. Model selection results for Generalized Linear Models (GLMs) assessing the effects

of forest (0.11 km radius) and savanna (10.9 km radius) proportions and aphid density on

coccinellid abundance. Data were collected from 28 organic brassica farms in the Brazilian

Federal District between 2022 and 2024. A confidence set of models was selected using a

AAICc < 6 threshold. Within these models, bold parameter values are statistically significant

(p <0.05).
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Model Predictors estimate logLik AICe AAICc Relative © d.f. p-value
weight
1 Aphid density 0.007 -123.52  256.78 0 0.58 11.68 1 <0.001
Savanna 2.311 6.58 1 0.01

2 Aphid density 0.009 -123.442  259.61 2.83 0.11 11.74 1 0.001
Savanna 2.801 66.14 1 0.010
Aphid:Savanna -0.007 0.16 1 0.689
3 Aphid density 0.007 -123.51  259.74 2.96 0.13 0.03 1 0.003
Savanna 2.186 341 1 0.065
Forest -0.173 8.69 1 0.872
4 Aphid density 0.006 -125.13  260.00 3.22 0.12 5.99 1 0.014
Forest -1.477 2.89 1 0.089
5 Aphid density 0.007 -126.52  260.03 3.25 0.11 9.82 1 0.002
6 Aphid density 0.007 -122.873  261.75  4.964 0.04 10.06 1 0.002
Savanna 2.989 3.54 1 0.060
Forest 2.449 0.03 1 0.868
Forest:Savanna -8.708 1.29 1 0.256
7 Aphid density 0.005 -12490  262.54 5.75 0.02 60.80 1 0.014
Forest -2.460 29.41 1 0.086
Aphid:Forest 0.018 0.46 1 0.499
8 Forest -2.301 -127.37  262.77 5.99 0.03 6.42 1 0.011

Table S4. Model selection results for Generalized Linear Models (GLMs) assessing the effects

of agriculture (3.6 km radius) and savanna (10.9 km radius) proportions on network modularity.

Data were collected from 28 organic brassica farms in the Brazilian Federal District between

2022 and 2024. A confidence set of models was selected using a AAICc < 6 threshold. Within

these models, bold parameter values are statistically significant (p < 0.05).

Model Predictors estimat logLik AICc AAICc Relative e df. p.value
e weight

1 Agriculture 3.853 44.72 -79.70 0 0.68 9.86 1 0.002
Savanna 3.819 7.80 1 0.005

2 Agriculture 2.691 44.78 -76.83 2.87 0.16 9.84 1 0.001
Savanna 3.491 7.84 1 0.008
Agriculture:Savanna 3.772 0.04 1 0.835

3 Agriculture 2.859 41.20 -75.39 2.86 0.08 5.99 0.014

4 Savanna 2.856 40.85 -74.70 4.99 0.06 5.12 1 0.024
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Table SS. Model selection results for Generalized Additive Models (GAM) assessing the

effects of coccinellid abundance, aphid density and network metrics on Biological Control

Index (BSI). Data were collected from 28 organic brassica farms in the Brazilian Federal

District between 2022 and 2024. A confidence set of models was selected using a AAICc < 6

threshold. Within these models, bold parameter values are statistically significant (p < 0.05).

Relative

Model Predictors estimate logLik AICc AAICc . 2 d.f. p.value
weight
Connectance -5.381 6.085 1 0.014
1 . . 26.07 -42.39 0.00 0.22

Aphid density -0.005 11.382 1 0.001
Connectance -4.239 3.319 1 0.069

2
Modularity 1308 2704 4136 104 0.13 1791 1 0.181
Aphid density -0.004 10.494 1 0.001
Modularity 1.924 4.232 1 0.020

3 25.31 -40.88 1.51 0.10

Aphid density -0.003 6.742 1 0.009
Coccinellid abundance -0.001 0.182 1 0.670

4
Connectance -5.855 26.12 -39.52 2.88 0.05 5.727 1 0.017
Aphid density -0.005 9.378 1 0.002
Connectance -5.084 0.029 1 0.029
5 Generality 0.045 2607 -3940 299 0.05 009 1  0.760
Aphid density -0.005 10.824 1 0.001
Connectance -5.506 5.584 1 0.018

6
Nestedness 0.003 2603 -3933  3.06 0.05 0.028 1 0.867
Aphid density -0.005 11.086 1 0.001
7 Aphid density -0.003 23.15 -39.30 3.09 0.05 4.846 1 0.028
Generality 0.118 0.709 1 0.400

8
Modularity 1.808  25.68 -38.62  3.77 0.03 3.643 1 0.056
Aphid density -0.003 6.839 1 0.009
Modularity 1.986 4.423 1 0.035
9 Nestedness -0.015 2562 -3852 387 0.03 0.626 1 0.429
Aphid density -0.003 6.816 1 0.009
Coccinellid abundance -0.001 0.121 1 0.728
10 Connectance -4.645 27.05 -38.09 4.30 0.03 3.196 1 0.074
Modularity 1.281 1.669 1 0.196
Aphid density -0.004 8.969 1 0.003
Connectance -3.969 2.593 1 0.107
11 Generality 0.043 27.02 -38.04 4.35 0.02 0.088 1 0.766
Modularity 1.303 1.723 1 0.189
Aphid density -0.004 9.958 1 0.002
12 Coccinellid abundance 0.001 25.38 -38.02 4.37 0.02 0.194 1 0.660
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13

14

Coccinellid abundance

15

16

17

18

Coccinellid abundance

19

Modularity
Aphid density

Connectance

Modularity
Nestedness
Aphid density

Generality
Aphid density

Aphid density
Nestedness
Aphid density
~1

Modularity

Connectance
Generality
Aphid density

1.876
-0.003

-4.096

1.333
-0.002
-0.004

2698 -37.96

0.158

23.78 -37.83

-0.003

0.002

2334  -36.94

-0.003

-0.012

2332  -36.89

-0.003

NA 20.54 -36.61

1.571 2171  -36.42

-0.002

-5.575
0.082
-0.004

2620 -36.41

4.44

4.56

5.45

5.50

5.79

5.97

5.99

0.02

0.02

0.01

0.01

0.01

0.01

0.01

3.858
5.921

2.593

1.711
0.015
9.865

1.174
5.393
0.382
4.747
0.348
4.895
NA

2.309

0.339

4.973
0.267
8.482

1 0.050
1 0.015
1 0.107
1 0.191
1 0.901
1 0.002
1 0.279
1 0.020
1 0.540
1 0.029
1 0.556
1 0.027
NA NA
1 0.129
1 0.560
1 0.026
1 0.605
1 0.004

Table S6. Non-crop plants adjacent to brassica fields where coccinellid species were observed.

Data are ordered by the total number of coccinellids counted on each plant species.

Observations were made on 28 organic brassica farms in the Brazilian Federal District from

2022 to 2024. The native/exotic status and native range for each non-crop species are based on

information from Plants of the World Online (Royal Botanic Gardens, Kew 2025).

Scientific name Family Coccinellid species observed Total Native or Native range
observed exotic
Bidens pilosa Asteraceae Cycloneda sanguinea, Eriopis 279 Native Tropical and
connexa, Harmonia axyridis, Subtropical
Hippodamia convergens, America
Hyperaspis festiva, Scymnus sp.
Sonchus Asteraceae Cycloneda sanguinea, Eriopis 179 Exotic Africa, Europe
oleraceus connexa, Harmonia axyridis,
Hippodamia convergens
Galinsoga Asteraceae Coleomegilla maculata, 68 Native North, Central
parviflora Cycloneda sanguinea, Eriopis and South
connexa, Hippodamia convergens America
Cyperus Cyperaceae Cycloneda sanguinea, Eriopis 62 Exotic Africa, Europe,
rotundus connexa, Hippodamia convergens Asia
Brachiaria sp. Poaceae Cycloneda sanguinea, Eriopis 34 Exotic Africa

connexa, Harmonia axyridis,
Hippodamia convergens
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Tithonia
diversifolia

Amaranthus sp.

Amaranthus
viridis

Unknown

Oxalis latifolia

Canavalia
ensiformis

Emilia fosbergii

Rumex
obtusifolius

Solanum
americanum

Lepidium

didymum

Nicandra
physalodes

Plantago major

Asteraceae

Amaranthaceae

Amaranthaceae

Poaceae

Oxlidaceae

Fabaceae

Asteraceae

Polygonaceae

Solanaceae

Brassicaceae

Solanaceae

Plantaginaceae

Cycloneda sanguinea, Eriopis
connexa, Harmonia axyridis,
Hippodamia convergens

Cycloneda sanguinea, Harmonia
axyridis, Hippodamia convergens

Cycloneda sanguinea, Eriopis
connexa, Hippodamia convergens

Cycloneda sanguinea, Eriopis
connexa, Hippodamia convergens

Eriopis connexa, Harmonia
axyridis, Hippodamia convergens

Hippodamia convergens

Hippodamia convergens

Eriopis connexa, Harmonia
axyridis, Hippodamia convergens

Eriopis connexa, Harmonia
axyridis

Hippodamia convergens

Harmonia axyridis, Hippodamia
convergens

Hippodamia convergens

32

23

21

18

12

Exotic

Native

Native

Unknown

Native

Native

Unknown

Exotic

Native

Native

Exotic

Exotic

Mexico to
Central
America.

Tropical
America

Tropical
America

Unknown

North, Central
and South
America
North, Central
and South
America
Unknown

Europe, Africa

Tropical and
Subtropical
America
South America

Peru to
Northwest
Argentina

Africa, Europe
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Figure S1. Effects and optimal buffer radius of landscape composition on coccinellid and aphid
communities. Proportion of savanna on coccinellid abundance (a, b); agriculture on coccinellid
diversity (Simpson index — c¢,d; Shannon index e,f); forest (g, h) and grassland (i,j) on aphid
density. For each land cover type, we show: (left) the optimal buffer radius for model fit, and

(right) the decay in natural area weight with distance from the farm.
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Figure S2. Effects and optimal buffer radius of landscape composition on metrics of tritrophic
interaction network. Proportion of savanna on network connectance (a, b); grassland on
nestedness (c, d) and on generality (e, f); agriculture (g, h) and savanna (i, j) on modularity.
For each land cover type, we show: (left) the optimal buffer radius for model fit, and (right)

the decay in natural area weight with distance from the farm.
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Figure S1. Effects and optimal buffer radius of landscape composition on coccinellid and aphid
communities. Proportion of savanna on coccinellid abundance (a, b); agriculture on coccinellid
diversity (Simpson index — c¢,d; Shannon index e,f); forest (g, h) and grassland (i,j) on aphid
density. For each land cover type, we show: (left) the optimal buffer radius for model fit, and

(right) the decay in natural area weight with distance from the farm.

132



(@) (b)

Range for savanna area = 0.89 km

&
c

Range for grassland area = 2.3 km

(e)

Range for grassland area = 0.44 km

logLik
460 485 470 475 480

Sy s ] .
f\ \I\' - © -
of | = @ b~ @
| L s b=3 o 3
@ «f 2 e
| ¥ =® £e - 8 23
E 7| = 3 S
=
— g :‘ S | o ) 2
| 23 ‘R : 23 & S
W o o o
31| K S 2 B
' o~
el o =]
21 & 3 S
002 4 7 9 M 02 4 7 9 M 0 2 4 7 8 1 0 08 141 17 22 0 06 11 17 22

Buffer radius (km) Distance from farm (km}

(g) Range for agriculture area = 3.6 km

E

2 4 1
Buiffer radius (km) Distance from farm (km)

/

/
/
/

Weighting

lagLik
42 43 44 45 45
R —

0.8

logLik
44 a8

Weighting

04
04

00

Buffer radius (km) Distance from farm (km)

) Range for savanna area = 109 km ]

©

2 4 7 9 "
Buffer radius. (km)

0.8

00

0 2 4 7 ] 1
Distance from farm (km)

4

7

Buffer radius (km)

9 " o} 2 4 7 9 1"
Distance from farm (km)

Figure S2. Effects and optimal buffer radius of landscape composition on metrics of tritrophic

interaction network. Proportion of savanna on network connectance (a, b); grassland on

nestedness (c, d) and on generality (e, f); agriculture (g, h) and savanna (i, j) on modularity.

For each land cover type, we show: (left) the optimal buffer radius for model fit, and (right)

the decay in natural area weight with distance from the farm.
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GENERAL CONCLUSIONS

In this work, we unveiled some of the ecological interactions and habitat use patterns
that affect the communities of important generalist predators in agroecosystems, as well as how
spatial and temporal factors influence the structure and dynamics of their interactions. By
investigating how different coccinellid species utilize resources spatially segregated within
organic brassica crops, we demonstrated that they partition habitat and microhabitat throughout
their life cycles. Furthermore, we found that behavior of species directly determined the degree
of spatial niche overlap, leading us to propose a functional classification for the species studied.
Also, changes in prey availability directly impact coccinellids and their trophic interactions,
resulting in shifts in the species' trophic position over a relatively short period. Additionally,
the structure of the coccinellid trophic interaction networks become more nested with
increasing prey availability. This pattern is likely a direct result of changes in species' feeding
behavior, where some become more generalist while others become more specialist, thus
probably driving a nested network structure.

Finally, by evaluating the effect of the landscape not only on the abundance and
diversity of the communities but also on their trophic interactions, we demonstrated that the
landscape is a crucial factor for the structuring of these interactions. Moreover, we showed that
interactions directly affect the biological control service, with the surrounding landscape
indirectly influencing the provision of this ecosystem service. Thus, we have elucidated key
processes that sustain coexistence and drive the trophic structuring of generalist predator
communities, enabling their formation and establishment even in environments with constant
disturbance regimes. By analyzing these mechanisms across multiple spatial scales, we
connected factors at the individual and population levels (such as behavior and interspecific
interactions) with ecosystem-level processes (such as energy transfer along the trophic chain).

To summarize, all those findings emphasize that the landscape is an important predictor
of species diversity and abundance, where different types of natural vegetation will predict the
potential colonizers of agricultural habitats. However, this thesis goes further by demonstrating
that these landscape habitats influence how species interactions filtered from the regional pool
are structured locally, which in turn can affect the efficiency of the biological control service.
In this context, non-crop plants are important mediators of these interactions and represent an
opportunity for the maintenance of species and their interactions. Specifically, coccinellid
species use these plants as food, which is essential during periods of prey scarcity.
Consequently, the use of non-crop plants food resources and prey density explain the trophic

variations of the species throughout the season and how energy transfer occurs between trophic
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levels. Even so, general patterns that occur at the community level may vary among species

due to differences in life histories, functional traits, and behavior.
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