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ABSTRACT 

Landscape homogenization has resulted in the loss of crop and habitat diversity in 

agroecosystems, creating resource bottlenecks and higher rates of chemical inputs. This 

negatively impacts natural enemy communities and natural pest control. Landscape 

heterogeneity is thought to benefit predator populations (increased landscape complementation) 

and lower pest colonization (decreased resource concentration); however, few studies have 

investigated the relative contribution of these two processes in pest suppression. Habitats provide 

predators with differing floral and/or prey resources. Understanding how predators move 

between habitats during pest outbreaks is important for assessing how we can improve pest 

control in agricultural landscapes. My study investigates the direct and indirect impacts of 

landscape heterogeneity on sentinel soybean aphid populations open to and excluded from 

predation, in 23 soybean fields in Manitoba in 2017 and 2018 and aims to determine the role of 

adjacent habitats in predator movement in soybean during an aphid outbreak. Soybean fields 

were adjacent to alfalfa, canola, spring wheat, or woody vegetation. Five sticky traps were placed 

in soybean and the adjacent habitat to quantify predator abundance in 2017. Both years, bi-

directional Malaise traps were used to quantify predator movement and sweep net samples and 

plant counts were conducted to quantify predator and aphid abundance in soybean. We found 

positive effects of crop diversity (1.5 km) on aphid abundance and indirect benefits to aphid 

suppression in the outbreak year, and positive effects of edge density (1.5 km) on aphid 

suppression during the low aphid year. Syrphids and coccinellids dominated all samples, were 

more abundant during the outbreak year, and their immigration was in response to aphid density. 

Syrphid movement was more impacted by the type of adjacent habitat than coccinellid 

movement, and wheat and canola were the main contributors of syrphids to soybean. Coccinellid 

abundance was highest in adjacent wheat. My study suggests planting wheat adjacent to soybean 

may benefit the early arrival of coccinellids and syrphids for aphid suppression and that 

landscape heterogeneity benefits aphid suppression through a reduction in resource concentration 

by crop diversification during outbreaks and through an increase in landscape complementation 

by edge density in low aphid years. 
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CHAPTER 1: INTRODUCTION 

Aphis glycines Matsumura (Hemiptera: Aphididae), is an important pest of soybean, Glycine max 

(L.) Merr. (Fabaceae), in Asia and North America. It is an invasive pest of soybean in North 

America, and was first detected in Wisconsin in the early 2000s (Hunt et al. 2003, Ragsdale et al. 

2011). Soybean aphids (Aphis glycines) are an infrequent pest in Manitoba, but have reached 

severe outbreak levels in 2006, 2008, 2011, and 2017, which has led to widespread insecticide 

applications (Gavloski 2006, 2008, 2011, 2017). In Manitoba, soybean was grown on 1.2 million 

acres in 2021, making it the third most grown crop in Manitoba (Gavloski 2021). To control 

future outbreaks, it is important to better understand the factors that regulate soybean aphids. 

Soybean aphids damage plants by consuming phloem and by transmitting plant viruses 

(Hunt et al. 2003; Chen et al. 2017). They have been observed to decrease the photosynthetic 

rate of soybean by 50% (Macedo et al. 2003), and cause significant economic damage, resulting 

in 40% reductions in yield. In North America, insecticides are frequently applied to prevent this 

(Ragsdale et al. 2011). Insecticides are problematic in that they increase production costs 

(Ragsdale et al. 2007), have non-target impacts (Desneux et al. 2007), and can lead to a 

resurgence of soybean aphid populations (Johnson et al. 2008). Therefore, it is imperative that 

we develop more sustainable practises that can better manage soybean aphids.  

Generalist predators provide strong control of soybean aphids in both Asia and North 

America, and contribute to increased soybean biomass and yield (Van den Berg et al. 1997, Liu 

et al. 2004, Costamagna and Landis 2006, Costamagna et al. 2007). The main generalist 

predators of soybean aphids include coccinellids (Coleoptera), anthocorids and nabids 

(Hemiptera), hemerobiids and chrysopids (Neuroptera), and syrphids (Diptera) (Costamagna et 

al. 2007; Woltz and Landis 2014). In North America, mobile predators are most effective at 

controlling soybean aphids (Fox et al. 2004, Costamagna and Landis 2007), however, not all 

predators have the same resource requirements or feeding habits, and may utilize multiple 

habitats in their life (Lundgren 2009a, Schellhorn et al. 2015). Therefore, understanding how 

predators move between soybean and adjacent habitats is vital in understanding how adjacent 

habitats contribute predators during soybean aphid outbreaks, and could lead to on-farm 

management strategies that promote predator movement between habitats.  
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The surrounding landscape may also impact predator movement in soybean, however, 

few studies have related landscape to predator movement and pest control (Schellhorn et al. 

2014, Samaranayake and Costamagna 2018). Landscape structure has been shown to influence 

natural enemy and aphid abundance, and aphid control in soybean (Gardiner et al. 2009, Noma et 

al. 2010, Woltz et al. 2012, Liere et al. 2015, Maisonhaute et al. 2017, Samaranayake and 

Costamagna 2018). However, most of these studies focused on the top-down effects of landscape 

on soybean aphid suppression (eg. Gardiner et al. 2009, Liere et al. 2015, Samaranayake and 

Costamagna 2018) but to my knowledge few studies have investigated how landscape structure 

affects aphid suppression through bottom-up effects (Noma et al. 2010). Therefore, 

understanding how the surrounding landscape impacts soybean aphid suppression through both 

bottom-up and top-down effects may be important for developing management strategies that 

reduce soybean aphid outbreaks at the landscape scale.  

This thesis includes an introduction to my project (Chapter 1), a literature review 

covering a broad scope of what has been studied on the topic (Chapter 2), and two research 

chapters that address the topics mentioned above (Chapter 3 and 4). Both research chapters are 

written in grouped manuscript style and include an abstract, introduction, materials and methods, 

results, and discussion section. I then relate the research chapters and discuss the implications 

and possible future research directions in the general discussion (Chapter 5).  
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CHAPTER 2: LITERATURE REVIEW 

Soybean aphids are an important agricultural pest globally, having the ability to reduce yield in 

their native and invasive range. This chapter will discuss soybean, soybean aphid biology and its 

detriment as a pest, its natural enemies in North America and natural enemy movement, as well 

as how the surrounding landscape influences aphid suppression and natural enemy diversity and 

abundance.  

Soybean 

In Asia and North America 

Soybean, Glycine max (L.) Merrill (Family: Fabaceae) has been grown in China for the 

past 4,000-5,000 years (Wu et al. 2004). More recently, it has become one of the world’s most 

important crops (Wu et al. 2004). It is cultivated worldwide to produce food for humans and 

animals, for industrial and medical applications, and ultimately, because it is easy to grow (Wu et 

al. 2004). Samuel Bowen, first introduced soybean to North America from China in 1765, 

planting soybeans in his garden in Savannah, Georgia (Hymowitz and Harlan 1983). Bowen 

manufactured vermicelli and soya sauce from the soybean, later exporting it to England 

(Hymowitz and Harlan 1983). Soybean was introduced to Manitoba in the early 1900s from the 

United States but only in the last 20 years has become widely grown in Manitoba (Manitoba 

Agriculture 2019a). 

In 2021, over 300 million acres of soybean was grown worldwide resulting in over 350 

million metric tonnes in soybean production, with Canada producing over 6 million metric 

tonnes (Statistics Canada 2022, USDA 2022). In Manitoba, soybean is the third largest seeded 

area, after canola (Brassica napis L.) and spring wheat (Triticum aestivum L.), and in 2021, 1.2 

million acres of soybean were grown in Manitoba (Gavloski 2021). The production of soybean is 

valued at over 3 billion dollars in Canada (Soy Canada 2022); therefore, it is important to 

consider what factors affect soybean production in Manitoba.  

Several biotic and abiotic factors affect soybeans in Manitoba, including seed rot, frost 

damage, weed pressure and insect activity (Manitoba Agriculture 2019b). Several insect pests of 

soybean exist in Manitoba, including grasshoppers, the corn earworm, the fall armyworm, 

cutworms, thistle caterpillars, the green clover worm, and more notably the soybean aphid 

(Gavloski 2019, Manitoba Agriculture 2019b). In the United States, soybean aphids are the most 
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important pest to soybean farmers, with yield loss reaching up to 40% in some cases (Ragsdale et 

al. 2011, Krupke et al. 2017). Soybean aphid outbreaks are erratic in Manitoba, however, when 

they occur, they contribute to severe economic loss if not regulated by natural enemies, weather, 

and/or pesticides (Gavloski 2018). Therefore, it is important to understand the factors that 

regulate this pest.  

Soybean aphids 

Invasion and distribution in North America 

The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is an important 

pest of soybean in Asia and North America (Ragsdale et al. 2011). It is the most damaging pest 

to soybean production in China, where it originates, resulting in 50-70% yield losses in years 

with high soybean aphid infestations (Wu et al. 2004). The soybean aphid is an invasive species 

in North America that was first detected in Wisconsin, United States, in July 2000 (Ragsdale et 

al. 2004). By the end of the summer, it had been detected in 10 other North Central U.S. states 

(Venette and Ragsdale 2004). By 2009, it was present in 30 U.S. states and 3 Canadian provinces 

(Ragsdale et al. 2011). Rapid spread in North America was likely due to wind (Venette and 

Ragsdale 2004). In Canada, the first record of soybean aphid was in Ontario, June 2001 (Hunt et 

al. 2003). Later that summer it was observed in Emerson, Manitoba (Samaranayake 2017). Since 

its introduction, it has reached outbreak levels of more than 250 aphids/plant in 2006, 2008, 2011 

and 2017 in Manitoba (Gavloski 2006, 2008, 2011, 2017). 

Biology and hosts 

In North America, soybean is the principal secondary host of soybean aphids (Venette 

and Ragsdale 2004, Ragsdale et al. 2011). The soybean aphid has a heteroecious holocyclic life 

cycle, switching between two hosts, with part of its life cycle involving sexual reproduction, and 

the other, parthenogenesis (Ragsdale et al. 2004). The sexual portion of their life cycle is on 

buckthorn, Rhamnus spp. (Ragsdale et al. 2004). Rhamnus alnifolia L'Hér. and R. lanceolata P. 

are native to the United States and Canada, and are considered primary hosts of soybean aphids 

during the winter (Voegtlin et al. 2006). However, population numbers and the distribution of 

these species are low, and therefore, they are not considered important contributors to soybean 

aphid population dynamics (Voegtlin et al. 2006). Common buckthorn, Rhamnus cathartica L. is 

widely distributed in the United States and Canada, and is therefore considered the principal 
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overwintering host of soybean aphids (Voegtlin et al. 2006). Common buckthorn is a highly 

invasive species in North America that is native to Europe and western Asia (Kurylo and Endress 

2012). It is associated with disturbed habitats and is commonly found in urban sites (Moffatt and 

McLachlan 2004, Kurylo and Endress 2012). It has been observed outcompeting native trees in 

disturbed forests in North America and more locally, in southern Manitoba (Moffatt and 

McLachlan 2004). Therefore, it is a readily available primary host in North America.  

The availability of both primary and secondary hosts in the landscape has been associated 

with increased soybean aphid abundance, as well as an increase in the application of foliar 

insecticides to control soybean aphids (Heimpel et al. 2010, Lacasella et al. 2017). However, 

temperature, precipitation, and the number of growing degree days are the main drivers of 

soybean aphid abundance, with high summer temperatures and cold winters having negative 

effects on soybean aphid abundance (Lacasella et al. 2017). 

 In Canada, temperature is a limiting factor for soybean aphids, especially in the winter. 

Soybean aphids overwinter as eggs on buckthorn and are therefore reliant on winter temperatures 

not surpassing -34°C, the supercooling point of the eggs (Ragsdale et al. 2004, McCornack et al. 

2005). Winters in southern edge of the Canadian prairies often have days colder than their 

supercooling point, therefore, soybean aphids are thought to be mainly blown to Canada from the 

United States (Gavloski 2015, Philip 2015).  

Soybean aphids can produce alate (winged) or apterous (wingless) morphs (Müller et al. 

2001). Alates are produced under three circumstances, for spring migration to soybean, 

migration among soybean plants, and finally migration back to their overwintering sites 

(Ragsdale et al. 2004, Wu et al. 2004, Bahlai et al. 2014), allowing both long distance and short 

distance flight between hosts (Ríos Martínez and Costamagna 2017). Alate production is induced 

by temperature, host plant quality, photoperiod, crowding, and to escape to enemy free space 

(Hodgson et al. 2005, Bahlai et al. 2014, Ríos Martínez and Costamagna 2017, 2018). Their 

ability to produce alate morphs increases the aphids prevalence and contributes to soybean aphid 

outbreaks (Costamagna et al. 2012, Ríos Martínez and Costamagna 2017). Additionally, it has 

been observed to counteract the effects of predation by natural enemies (Costamagna et al. 

2012), and to augment its role as a virus vector to soybean (Wu et al. 2004). 
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Aphid injury to soybean 

Soybean aphids are phloem feeders, sucking nutrients and fluid out of the leaves and 

stems of soybean plants (Macedo et al. 2003). Their feeding decreases the plant’s rate of 

photosynthesis, reduces plant growth, the number of soybean pods and seeds, seed weight and 

the overall concentration of oil within the seeds (Macedo et al. 2003, Ragsdale et al. 2011, Ríos 

Martínez and Costamagna 2018). Additionally, honeydew excreted from the aphids can result in 

the development of sooty mould on the soybean plants, further reducing the plant’s 

photosynthetic potential (Macedo et al. 2003). Indirect damage to soybean by disease 

transmission is also possible, whereby alate aphids transmit viruses among plants (Wu et al. 

2004). Soybean aphids are known to transmit soybean mosaic virus and alfalfa mosaic virus, and 

have been known to facilitate the infestation of the soybean cyst nematode (Koch et al. 2018). 

Additionally, they have the potential to transmit soybean dwarf virus, an economically important 

disease of soybean (Damsteegt et al. 2011).  

Soybean aphid management strategies 

To effectively manage this pest, different methods have been developed to be used in 

conjunction, including an economic threshold, foliar sprays, and aphid-resistant soybean 

varieties (Ragsdale et al. 2007, Krupke et al. 2017). The primary control method employed is an 

integrated pest management approach where scouting and an economic threshold are used to 

determine if and when to apply foliar insecticides (Ragsdale et al. 2007, Pezzini and Koch 2015, 

Koch et al. 2016, 2018). The economic threshold for soybean aphids developed by Ragsdale et 

al. (2007) is 250 aphids per plant. This provides the grower with 7 days before aphid populations 

are expected to surpass the economic injury level of 674 aphids per plant to apply insecticides, 

and is validated for plants until the R5 soybean stage (Ragsdale et al. 2007). After this stage, the 

plants are more able to tolerate higher aphid densities without any major detriment to yield, and 

producers are less likely to obtain an economic benefit from applying insecticides (Ragsdale et 

al. 2007). Chemical control is a necessary action when aphid outbreaks occur, however, several 

studies have shown the maintenance of soybean aphid populations below economic thresholds 

through biological control (Ragsdale et al. 2011). Therefore, maximizing the ways in which we 

can harness biological control is an important step towards reducing our need for chemical 

control in the future. 
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Chemical control 

Pyrethroid and organophosphate insecticides are the most common foliar sprays applied 

to control soybean aphids, however, carbamates, neonicotinoid and butanolide insecticides are 

also available for application (Koch et al. 2018). Resistance to pyrethroid insecticides was 

observed in field populations of soybean aphids in Iowa and Minnesota in 2015 and 2016 

(Hanson et al. 2017). Resistance to pyrethroids has since been observed in Minnesota, South 

Dakota, and North Dakota (Koch et al. 2018). Additionally, mild levels of organophosphate 

resistance has been observed in field populations of soybean aphids in Asia (Koch et al. 2018). 

The production of alates allows for the movement of insecticide resistant populations to colonize 

new regions, therefore, it is likely insecticide resistance will continue to increase (Koch et al. 

2018). Although pesticide resistance has been observed, foliar insecticides are still the primary 

method used to control soybean aphids (Koch et al. 2018).  

In addition to pesticide resistance, chemical control for soybean aphids can be 

problematic, causing non-target impacts on insects and other arthropods (Ohnesorg et al. 2009). 

Both pyrethroid and organophosphate sprays are known to have lethal and sub-lethal effects on 

natural enemies (Desneux et al. 2007, Johnson et al. 2008). These broad-spectrum insecticides 

harm natural enemy communities, and can have cascading effects on future aphid control, by 

removing the natural control of soybean aphids, if soybean aphid resurgence occurs (Johnson et 

al. 2008). Therefore, given the ongoing development of soybean aphid resistance to pesticides 

and their harmful non-target effects, it is necessary to develop new sustainable ways to suppress 

this pest, that rely more heavily on natural control.  

Neonicotinoid seeds treatments are another chemical control measure commonly used in 

North America as a management strategy against soybean aphids (Krupke et al. 2017). 

Thiamethoxam is the primary neonicotinoid used to treat soybean seeds (Krupke et al. 2017). 

Seed treatments work by moving insecticide systemically through the growing plants xylem 

(Krupke et al. 2017). However, the efficacy of seed treatment ends before the peak immigration 

of aphids into soybean, therefore, planting treated seeds only provides benefit when planting 

soybean later in the season (Johnson et al. 2009, Seagraves and Lundgren 2012, Krupke et al. 

2017). Additionally, studies have observed no significant impact of seed treatment on soybean 

yield, providing further evidence that seed treatments may not be necessary for managing 
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soybean aphids (McCornack and Ragsdale 2006, Seagraves and Lundgren 2012, Krupke et al. 

2017, Mourtzinis et al. 2019). Furthermore, exposure to seed treated insecticides can lead to non-

target sublethal effects on pollinators and soybean aphid natural enemies, providing further 

reason to use untreated soybean seeds (Moser and Obrycki 2009, Seagraves and Lundgren 2012, 

Douglas et al. 2015, Calvo-Agudo et al. 2021). 

Resistant soybean varieties  

Soybean cultivars containing naturally occurring Rag (resistance to A. glycines) genes 

have been developed as a pre-emptive management strategy for soybean aphids (Hesler et al. 

2013). At least eleven of these genes have been found (Tilmon et al. 2021), and they have either 

antibiosis, antixenosis or tolerance modes of action (Hesler et al. 2013). Different strategies are 

available for deploying soybean aphid resistant cultivars, they include: releasing the resistance 

genes sequentially, pyramiding two or more genes, using multiline cultivars, or by varying the 

placement of resistant genes geographically over a region (Hesler et al. 2013). Currently, 

cultivars that pyramid Rag1 (antibiosis and antixenosis) + Rag2 (antibiosis) genes offer the 

greatest protection against soybean aphids and can reduce aphid populations as much or more 

than insecticide applications, however, the commercialization of these cultivars has been limited 

(Hesler et al. 2013, Ajayi-Oyetunde et al. 2016, Tilmon et al. 2021). Therefore, soybean resistant 

varieties will likely be adopted in the future, especially as insecticide resistance becomes more 

widespread.  

Biological control  

Biological control utilizes natural enemies to minimize or eliminate a pest. Natural 

enemies are defined as “organisms that occur naturally in the same environment that also 

harbours the pests” and can be divided into three groups: predators, parasitoids, and pathogens 

(Rusch et al. 2017). Most of the work centered around soybean aphid biological control has 

focused on conservation biological control, however, research looking at possible organisms for 

classical biological control has been conducted in North America (Ragsdale et al. 2011, Gariepy 

et al. 2015).  

Conservation biological control looks to maintain and “enhance the survival, fecundity, 

longevity, and behaviour of natural enemies to increase their effectiveness” in pest control 

(Landis et al. 2000). To date, research has focused on alternative production systems (Schmidt et 
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al. 2007), conventional and reduce-risk insecticides (Galvan et al. 2005, Kraiss and Cullen 2008, 

Ohnesorg et al. 2009), vegetation diversity (Landis et al. 2000, Lundgren et al. 2009), and the 

effect of landscape structure on soybean aphid natural enemies (Maisonhaute and Lucas 2011, 

Ragsdale et al. 2011, Woltz et al. 2012, Mitchell et al. 2014, Maisonhaute et al. 2017, 

Samaranayake and Costamagna 2018).  

Binodoxys communis Gahan (Hymenoptera: Braconidae) is a parasitoid wasp that was 

released in North America as a classical biological control agent for soybean aphids in 2007 

(Ragsdale et al. 2011). The parasitoid was thought to have good potential for controlling soybean 

aphids due to its success and similar climatic conditions in China, where it originates (Ragsdale 

et al. 2011). However, there has been no documentation of it having successfully overwintered in 

North America, which has been attributed to its poor capacity to diapause, lack of suitable 

overwintering host, and difficulty overwintering on soybean aphids in Rhamnus stands (Ragsdale 

et al. 2011, Gariepy et al. 2015). Additionally, intraguild predation, its ability to disperse, Allee 

effects, and genetic bottlenecks are considered to be other factors that prevent B. communis from 

being a successful biological control agent in North America (Heimpel et al. 2010, Asplen et al. 

2011, Ragsdale et al. 2011).  

In addition to conservation and classical biological control, a dynamic action threshold 

has been developed from the conventional economic threshold to adjust for the impact of natural 

enemies on the biological control of soybean aphids (Hallett et al. 2014). It accounts for the 

number of natural enemies and their voracity in a natural enemy unit (Hallett et al. 2014). 

Producers are able to use an Aphid Advisor app to determine the dynamic action threshold in 

their fields (Hallett et al. 2014). Hallett et al. 2016 demonstrated that the dynamic action 

threshold had equivalent yields to the conventional action threshold, whilst reducing pesticide 

applications.  

Soybean aphid natural enemies 

There are at minimum 55 taxa of natural enemies that attack soybean aphids in China (Wu et al. 

2004). Shortly after the introduction of A. glycines in North America, Rutledge et al. (2004) 

reported 43 taxa of natural enemies associated with soybean aphids. Since then, several studies 

have been conducted across multiple states and provinces to determine the impact of natural 

enemies on soybean aphid populations (Fox et al. 2004, Mignault et al. 2006, Costamagna and 



 

10 

 

Landis 2007, Desneux and O’Neil 2008, Gardiner et al. 2009, Ragsdale et al. 2011, Costamagna 

et al. 2013, Samaranayake and Costamagna 2018). A total of six insect orders and 14 families 

have been observed attacking soybean aphids, including “1) Coleoptera: Carabidae, 

Coccinellidae, Staphylinidae; 2) Dermaptera: Forficulidae; 3) Diptera: Cecidomyiidae, 

Chamaemyiidae, Syrphidae; 4) Hemiptera: Anthocoridae, Miridae, Nabidae; 5) Hymenoptera: 

Aphelinidae, Braconidae; 6) Neuroptera: Chrysopidae, Hemerobiidae” (Ragsdale et al. 2011, 

Costamagna et al. 2013, Samaranayake 2017). In addition to these insect families, Opiliones and 

entomopathogens alike have been observed feeding on soybean aphids (Ragsdale et al. 2011).  

Soybean aphid predators 

Generalist predators have been observed to provide strong top-down control of soybean 

aphids in North America, resulting in increased soybean biomass and yield (Costamagna and 

Landis 2006, Costamagna et al. 2007, Liere et al. 2015). In particular, transient generalist 

predators, predators that traverse multiple habitats in their life, have been shown to be the most 

impactful for soybean aphid control (Fox et al. 2004, Costamagna and Landis 2006, 2007). 

Additionally, season-long control of soybean aphids by generalist predators, in particular 

members from the family Coccinellidae, have been observed (Costamagna et al. 2007, 

Bannerman et al. 2018). Coccinellids are major contributors to soybean aphid suppression, 

resulting in up to 86-fold reductions in aphid populations (Costamagna et al. 2007, 2008).  

 In North America, the most abundant predator families in soybean infested fields are  

Coccinellidae, Nabidae, Anthocoridae, Chrysopidae, and Syrphidae (Ragsdale et al. 2011). In 

Manitoba, Samaranayake and Costamagna (2018) observed the same dominant aphid predators 

in soybean during a non-outbreak year, with the addition of Hemerobiidae. Within these predator 

families, Toxomerus marginatus (Say) (Diptera: Syrphidae), Orius insidiosus (Say) (Hemiptera: 

Anthocoridae), Chrysoperla carnea Stephens and Chrysopa sp. (Neuroptera: Chrysopidae) were 

the most dominant aphidophagous species collected by sweep-nets and in bi-directional Malaise 

traps in Manitoba (Samaranayake and Costamagna 2018). In addition, small numbers of 

coccinellids and chrysopids were observed; Coccinella septempunctata Linnaeus (Coleoptera: 

Coccinellidae) was the most abundant coccinellid and Chrysopa carnea, the most abundant 

chrysopid. Other species of coccinellids included Harmonia axyridis (Pallas), Hippodamia 

tredecimpunctata (Linnaeus), Hippodamia variegata (Goeze) and Chilocorus sp. (Coleoptera: 
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Coccinellidae) (Samaranayake and Costamagna 2018). Although the study conducted by 

Samaranayake and Costamagna (2018) provides us with information on the dominant predators 

in soybean during non-outbreak aphid years, it is important to understand how the assemblage of 

natural enemies may change during a soybean aphid outbreak in Manitoba.  

In 2002 and 2003, Mignault et al. (2006) conducted a study in aphid infested fields to 

determine what predators were present in soybean in Québec. They found coccinellids were the 

most abundant predators and were dominated by Propylea quatuordecimpunctata (Linnaeus), H. 

axyridis, Coleomegilla maculata lengi Timberlake and C. septempunctata (Mignault et al. 2006). 

Similarly, Mitchell et al. (2014) found coccinellid larvae and adults to be dominant predators in 

Québec, and H. axyridis was the most abundant. Furthermore, during an outbreak year in 

Minnesota, H. axyridis was observed to provide season-long suppression of soybean aphids, 

whereby H. axyridis impacted soybean aphid abundance even under high rates of alate 

immigration (Bannerman et al. 2018). Therefore, it is likely coccinellids would become the 

dominant predator in soybean in Manitoba during a high aphid year.  

Soybean aphid parasitoids 

In North America, the rate of parasitism in A. glycines field populations is low to non-

existent. Few studies have demonstrated parasitism rates higher than 10% with most reaching 

below 1% (Costamagna and Landis 2006, Costamagna et al. 2008, Noma and Brewer 2008, 

Ragsdale et al. 2011), which may be attributed to intraguild predation by generalist predators 

consuming parasitized aphids (Costamagna and Landis 2006) and/or by the lack of adaptation by 

the parasitoids to use soybean aphid as a host (Costamagna et al. 2007, Kaser and Heimpel 

2018). Although parasitism is low, there are a few parasitoid species recorded preying on 

sentinel aphid populations. These include Lysiphlebus testaceipes Cresson, Aphidius colemani 

Viereck, Binodoxys communis, B. kelloggensis Pike, Starý & Brewer, Praon sp., Aphidius ervi 

Haliday, Ephedrus sp., Diaretiella rapae McIntosh (Hymenoptera: Braconidae), Aphelinus 

asychis Walker, A. albipodus Hayat & Fatima (Hymenoptera: Aphelinidae) and A. certus 

Yasnosh (Hymenoptera: Aphelinidae (Kaiser et al. 2007, Heimpel et al. 2010, Noma et al. 

2010)). Of the parasitoid species mentioned above, L. testaceipes and A. certus have been the 

most promising at impacting soybean aphid growth (Noma et al. 2010, Kaser and Heimpel 

2018). Although generalist predators are the main contributors to soybean aphid control, and 
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parasitism rates are low, it is possible that parasitoids may play a minor role in aphid 

suppression. Therefore, they are important when considering the overall natural enemy 

community response to soybean infested fields in Manitoba.  

Natural enemy movement in agricultural landscapes 

Natural enemy movement is related to mating, food availability, foraging behaviour, and sites for 

reproduction and refuge (Schellhorn et al. 2014, Begg et al. 2017). Food availability is highly 

related to plant productivity, therefore, the movement of natural enemies in crops is dependent 

on plant phenology, growth and development (Rand et al. 2006, Schellhorn et al. 2014, 2015, 

González et al. 2016, Cohen and Crowder 2017). In addition, local management practises and 

crop rotations are important factors affecting a natural enemy’s ability to disperse into crop fields 

(Cohen and Crowder 2017). Natural enemies may utilize different habitats throughout the 

growing season, therefore, understanding how neighboring habitats and food availability affect 

natural enemy movement into crops is important for developing management strategies that 

reduce pest outbreaks (Schellhorn et al. 2014, 2015, Iuliano and Gratton 2020). 

Crops are ephemeral habitats that experience high levels of disturbance, therefore, natural 

enemies often migrate between crop and non-crop habitats that are more stable (Tscharntke et al. 

2005). Vespid wasps and parasitoids have been shown to move more from plantation to native 

forests than vice versa (Frost et al. 2015), natural enemies have been observed moving from 

natural vegetation to adjacent crops early in the season (Macfadyen et al. 2015), and natural 

enemy movement has been observed to be higher from forests to soybeans throughout the season 

(González et al. 2016). However, predator movement has also been lower between natural 

vegetation and canola compared to cereals in both the early and late season, and predator 

movement has been higher from canola to wheat than to natural vegetation (Macfadyen and 

Muller 2013). Therefore, sources of non-crop habitats may be important for the colonization of 

natural enemies into crops for pest control services early in the season but may have limited use 

during the growing season when food is available and disturbance is low in managed fields 

(Tscharntke et al. 2005).  

Recently, Samaranayake and Costamagna (2019) investigated how both crop and non-

crop habitats affect predator movement in soybean during a low aphid year in Manitoba. They 

found syrphid T. marginatus moving from woodlands to soybean and from soybean to canola, 
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chrysopids moving from soybean to canola, and coccinellid movement highest in borders with 

alfalfa and wheat (Samaranayake and Costamagna 2019). Therefore, the type of adjacent habitat 

can affect natural enemy movement in soybean during a low aphid year. However, this study did 

not quantify the abundance of natural enemies in the adjacent habitats, therefore, it is not clear if 

these adjacent habitats harbor a more diverse and abundant community of natural enemies or if 

they facilitate movement into soybean fields. 

Prey availability has been shown to affect natural enemy movement into crops. 

Decreased prey availability has been observed to reduce vespid wasp movement between exotic 

Pinus radiata D. Don plantation and native southern beech-dominated forests (Frost et al. 2015), 

and coccinellids have been observed to have higher immigration rates into fields with high aphid 

density (Schellhorn et al. 2014). Woltz and Landis (2013) experimentally manipulated the 

immigration of aphidophagous predators at the patch level and observed greater aphid 

suppression in fields with higher rates of predator immigration, and found predatory response 

was higher when aphid populations were high. When aphid populations were low, coccinellids 

contributed the most to soybean aphid suppression (Woltz and Landis 2013). Therefore, 

understanding how aphid abundance in soybean may affect natural enemy movement between 

habitats would provide further insight into how adjacent habitats contribute natural enemies to 

soybean during aphid outbreaks. 

Insect movement is affected by a species’ habitat specialization, the quality of the habitat, 

the proximity and connectivity of habitats, and by the synchronicity of resources (Begg et al. 

2017). The structural diversity of the landscape may act to facilitate or impede the movement of 

natural enemies between crops (Landis et al. 2000). Therefore, the surrounding landscape can 

impact natural enemy movement into field crops. Although, few studies have related landscape 

to natural enemy movement, the diversity and abundance of natural enemies moving between 

soybean and adjacent natural vegetation has been associated with an increase in the amount of 

forest in the landscape (250 m radius) during soybean senescence (González et al. 2016). In 

addition, landscapes with smaller fields and 20-30% semi-natural habitat (0.5 km radius) have 

shown delayed and reduced pest immigration in cotton in Australia, which resulted in decreased 

insecticide use (Gagic et al. 2021). However, few studies have measured the effect of insect 

movement on pest suppression experimentally and related it to landscape structure (Schellhorn et 
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al. 2014). In Manitoba, Samaranayake and Costamagna (2018) show complementary effects of 

landscape cover types and predator movement on aphid suppression, but they did not test for 

separate effects of landscape on predator movement and soybean aphid abundances, therefore, 

further investigation is needed to better understand the contribution of landscape structure on 

natural enemy movement and aphid abundance, and their combined effect on aphid suppression 

in soybean.  

Effects of landscape structure on agroecosystems 

Agricultural intensification has resulted in a loss in crop diversity and natural habitat, whereby 

agroecosystems predominantly consist of monocultures (Bianchi et al. 2006, Plourde et al. 2013, 

Landis 2017). In Canada, 89% of agricultural landscapes became simplified and insecticide 

applications increased by 70% between 1996-2016 (Malaj and Morrissey 2022). Simplified 

landscape structures are characterized as having low cover type diversity and large field sizes 

(Fahrig et al. 2015). Landscape structure or heterogeneity is characterized by the composition 

(proportion and diversity of cover types) and/or configuration (spatial arrangement of habitat 

patches) of the landscape (Fahrig et al. 2011, Perović et al. 2015). The effects of landscape 

structure on biodiversity has been a common research focus across cropping systems and 

geographic regions, with the general conclusion being that simplified landscapes result in a loss 

in biodiversity, leading to reductions in biological control and pollination services (Kennedy et 

al. 2013, Gámez-Virués et al. 2015, Rusch et al. 2016, Landis 2017, Grab et al. 2018, Feit et al. 

2019).  

Landscape complexity is defined by either “the amount of natural habitat or non-crop 

habitat in the landscape” (Thies and Tscharntke 1999), or by “the diversity of habitats in the 

landscape” (Östman et al. 2001). Therefore, complex landscapes typically have a higher 

percentage of perennial habitat, including forests, woodlots, grasslands, field margins, fallows, 

meadows and hedgerows, and higher habitat diversity than simplified landscapes (Tscharntke et 

al. 2007, Rusch et al. 2016). Complex landscapes have been associated with increased natural 

enemy abundances and/or diversity (Thies and Tscharntke 1999, Bianchi et al. 2006, Chaplin-

Kramer et al. 2011). Although most past studies comparing simplified vs complex landscapes 

have focused solely on the composition of the landscape, recent research has focused on both 

landscape composition and configuration, as they are expected to have additive or interactive 
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effects on pest suppression in agroecosystems (Haan et al. 2020, Zhang et al. 2020). Small field 

sizes, large field perimeter to area ratios, and high edge densities are characteristic of complex 

landscapes (Duarte et al. 2018). Furthermore, Zhang et al. (2020) propose configuration may be 

more important at small spatial scales and composition at larger spatial scales, therefore both 

metrics may be important in determining how the surrounding landscape affects natural enemies 

and pest suppression in agroecosystems.  

Impact of non-crop habitat on pests and natural enemies 

Simplified landscapes have been shown to impact insect communities; in particular, they 

are associated with higher pest and lower natural enemy abundances compared to diverse 

cropping systems (Letourneau et al. 2011, Landis 2017, Grab et al. 2018). Natural enemies in 

simplified landscapes are more impacted by pesticides due to higher application rates throughout 

the landscape and limited habitat refuge to disperse to, thereby causing a reduction in natural pest 

control compared to complex landscapes (Meehan et al. 2011, Nicholson and Williams 2021). In 

addition, simplified landscapes typically reduce natural enemy abundance and diversity by 

limiting their access to alternative food sources, overwintering habitat, and refuge provided by 

perennial habitats (Landis et al. 2000, Bianchi et al. 2006, Tscharntke et al. 2007). A review of 

24 studies by Bianchi et al. (2006) found higher landscape complexity increased natural enemy 

populations 75% of the time. Therefore, an abundance of natural or non-crop habitat in the 

landscape is thought to be important in the conservation of natural enemies (Landis et al. 2000, 

Tscharntke et al. 2007). A meta-analysis by Chaplin-Kramer et al. (2011) examining how 

landscape complexity impacts pests and natural enemies, found natural enemies were more 

responsive to landscape complexity (% non-crop and natural habitat), than pests, with all 

responses being positive, and pest growth to be negatively related to landscape complexity 

(Chaplin-Kramer et al. 2011). Additionally, a meta-analysis of 121 articles looking at landscape 

complexity and its effects on ecosystem services found non-crop habitat increased pest response 

by 35% and natural enemies by 25%, with more natural habitats resulting in stronger overall 

responses (Duarte et al. 2018).  

Non-crop habitats are reservoirs for insects, birds, plants and mammals in agricultural 

landscapes (Bianchi et al. 2006). They provide alternative hosts and prey, and provide nectar and 

pollen to predators and parasitoids, resulting in increased natural enemy abundance and diversity 
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in agroecosystems (Landis et al. 2000, Bianchi et al. 2006). Predators such as coccinellids, 

chrysopids, syrphids and parasitoids utilize nectar sources found in non-crop habitats, then 

migrate to crop fields (Bianchi et al. 2006). In addition, they provide favourable microclimate to 

parasitoids, resulting in increased parasitism rates near field edges close to woody vegetation 

(Tscharntke et al. 2005, Bianchi et al. 2006, Veres et al. 2013). Parasitoid abundance and 

parasitism rates have been shown to benefit from a higher amount of non-crop habitat in the 

landscape (Thies and Tscharntke 1999, Veres et al. 2013, Grab et al. 2018, González et al. 2020). 

Additionally, aphidophagous syrphid abundance, diversity, and larval density have been 

associated with more non-crop habitats in the landscape (Tscharntke et al. 2005, Chaplin-Kramer 

et al. 2013). However, syrphid egg density has also been negatively associated with semi-natural 

habitat (González et al. 2022) and demonstrates contrasting results with Tscharntke et al. (2005) 

and Chaplin-Kramer et al. (2013) syrphid studies. Pest density has been lower and yields higher 

in landscapes with more non-crop habitats (Grab et al. 2018, González et al. 2020). Specifically, 

aphid abundance was lower in areas with more semi-natural cover (Chaplin-Kramer et al. 2013) 

and forest in the landscape (Veres et al. 2013), and biological control of cereal aphids 

(Tscharntke et al. 2016) and alfalfa aphids (Grez et al. 2014) was higher in landscapes with more 

natural habitat. Altogether, this suggests natural habitat would benefit biological control. 

However, the amount of semi-natural habitat in the landscape (0.5 km radius) has also been 

associated with increased aphid abundance in cereals (González et al. 2022). Furthermore, a 

recent quantitative synthesis of 132 studies modelling natural enemy and pest response to 

landscape composition found non-crop habitat, perennial crops, and annual crops did not 

consistently reduce pest pressure or increase natural enemy abundance, and that no scale was 

consistently predictive (Karp et al. 2018).  

Although natural habitat has positive impacts on natural enemy diversity and abundance, 

this does not necessarily equate to greater biological control. There are five proposed hypotheses 

as to why natural habitat does not always enhance biological control: 1) either the pests have no 

natural enemies in the area, 2) natural habitat produces more pests than natural enemies, 3) crops 

provision natural enemies with more resources than natural habitat, 4) the configuration, 

composition, quantity, and distance to natural habitat is insufficient, or 5) local management 

practices offset biological control (Tscharntke et al. 2016). In addition, non-crop habitat can 

benefit some pests by providing alternative hosts that can boost their establishment in arable 
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fields (Bianchi et al. 2006). Non-crop habitat is a binary classification that includes a variety of 

different species which may have contrasting effects depending on the region, and on the 

herbivores and natural enemies being studied (Cohen and Crowder 2017). Therefore, cover type 

classifications are important to keep in mind when comparing across species and study regions.  

Impacts of landscape composition on pests and natural enemies 

Simplified landscapes have higher habitat connectivity than complex landscapes, which 

has been observed to increase pest species abundances (Meehan et al. 2011, Tscharntke et al. 

2012, Rand et al. 2014, Balzan et al. 2016). For example, a higher proportion of wheat in the 

landscape has resulted in increased wheat stem sawfly (Cephus cinctus Norton) abundance (Rand 

et al. 2014), and a higher proportion of cereals resulted in increased cereal leaf beetle (Oulema 

melanopus Linnaeus) abundance (Kheirodin et al. 2020). Therefore, higher crop and/or habitat 

diversity and non-crop habitat in the landscape may reduce pest pressure by decreased habitat 

connectivity in the landscape. Furthermore, landscapes that have a variety of cover types should 

support greater biodiversity by providing refuge and resources for different species that may 

utilize more than one habitat-type during their life span, following the landscape 

complementation hypothesis (Dunning et al. 1992, Landis et al. 2000, Fahrig et al. 2015, Sirami 

et al. 2019). Therefore, higher crop or habitat diversity may promote natural pest suppression by 

augmenting resource availability and accessibility in the landscape. 

Crop and habitat diversity measures are calculated from the proportion and abundance of 

cover types present in a landscape as either Shannon or Simpson diversity indices. Crop diversity 

is a measure of the diversity of crops in a landscape (Aguilera et al. 2020). Habitat diversity is 

often referred to as landscape diversity and is an overall measure of the diversity of a landscape, 

and includes both crop and non-crop habitats such as grasslands, woodlands, and urban areas 

(Gardiner et al. 2009). Habitat diversity may or may not categorize all crops into one cover type 

“crop”, calculating diversity regardless of crop type (Grez et al. 2014), and could therefore lead 

to contrasting interpretations and results.  

Decreased crop diversity has been shown to positively affect landscape-level multitrophic 

diversity and increase the amount of specialists in the landscape when landscapes had more than 

11% semi-natural cover (Sirami et al. 2019). In particular, crop diversity has been shown to 
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positively affect predators and parasitoids at scales below 500 m and between 2 and 3 km, 

respectively (Redlich et al. 2018). In addition, crop diversity has been associated with lower 

aphid densities and cereal leaf beetle abundances (Bosem Baillod et al. 2017, Kheirodin et al. 

2020), has had a positive impact on predator abundances (Kheirodin et al. 2022) and on the 

biological control of cereal aphids at spatial scales below 500 m in cereals (Redlich et al. 2018). 

Furthermore, crop diversity has been associated with reduced pesticide use in California (Larsen 

and Noack 2021, Nicholson and Williams 2021). Contrarily, a recent study found increased crop 

diversity reduced late-season predation frequency of cereal leaf beetles (Kheirodin et al. 2022). 

Therefore, although some studies suggest crop diversity can lower pest pressure and benefit 

natural enemy populations in agroecosystems, more studies are needed to unravel how crop 

diversity impacts pest and natural enemy dynamics across different systems.  

Landscapes with higher habitat diversity have resulted in lower levels of herbivory 

(Martin et al. 2016), and increased syrphid richness (Meyer et al. 2009). Additionally, habitat 

diversity has been positively associated with the functional redundancy of aphid predation (Feit 

et al. 2019). Contrarily, habitat diversity has also been shown to have no effect on the biological 

control of alfalfa aphids (Grez et al. 2014), or on the density of aphids or parasitism rate in kale 

(Jonsson et al. 2012). Therefore, there are cases when habitat diversity does not support 

biological control, but instead may have neutral to negative effects, which could be a function of 

classifying crops in to one category within habitat diversity or due to the inconsistency in the 

components of habitat diversity across landscapes. Classification schemes such as the proportion 

of annual crop cover and cultivated land are problematic because not all crops are equally 

favorable or unfavorable to natural enemies (Cohen and Crowder 2017). Some crops support the 

early arrival and establishment of natural enemies and are important for aphid pest control 

(Landis 2017). Therefore, landscape variables should be classified based on their diversity or 

function rather than as one broad grouping to better understand how the surrounding landscape 

impacts natural enemies and their effectiveness in biological control (Veres et al. 2013, Cohen 

and Crowder 2017). 

Impacts of landscape configuration on pests and natural enemies 

Recent studies have suggested that pest suppression is not only influenced by landscape 

composition, but also by the configuration of the landscape (Chaplin-Kramer et al. 2011, Duarte 
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et al. 2018, Martin et al. 2019, Haan et al. 2020). A review by Haan et al. (2019) found 31 recent 

studies to have at least one element of pest suppression affected by landscape configuration 

(Haan et al. 2020). Landscapes with smaller fields and therefore more edges have the potential 

for greater spillover by natural enemies in arable fields, as natural enemies do not have to travel 

as far to move between habitats, and landscape complementation is increased (Dunning et al. 

1992, Fahrig et al. 2015, Haan et al. 2020, Zhang et al. 2020). Additionally, smaller fields have 

been observed to increase multitrophic diversity, benefiting both primary producers and 

predators (Sirami et al. 2019). As a result, landscapes with smaller fields or patches are expected 

to enhance natural enemy populations and increase pest suppression (Haan et al. 2020). 

Accordingly, small field sizes have been negatively associated with aphid abundance in cereals 

at a 1 km radius (González et al. 2022), and have resulted in greater pest suppression at scales 

between 250-500 m (Zhang et al. 2020). 

High edge density and a high proportion of semi-natural habitat in the landscape is 

associated with higher arthropod abundances (Martin et al. 2019). In particular, high edge 

density supports a greater abundance of syrphids, parasitoids, staphylinids, coccinellids, and 

predatory wasps, leading to an overall increase in the richness of natural enemies (Martin et al. 

2016, Haan et al. 2020). However, aphidophagous syrphids have also been observed to be more 

abundant in landscapes with fewer edges and more arable land likely due to their use of 

agricultural resources (Martin et al. 2019), and coccinellids less abundant in landscapes with 

more edges in urban greenspaces (Grez et al. 2019). Edge density has been negatively associated 

with aphid and cereal leaf beetle abundance in cereals (González et al. 2022), and high edge 

density and a low proportion of arable land has resulted in increased pest control in Europe 

(Martin et al. 2019). Additionally, edge density has been associated with higher yields in 

landscapes with 10-20% semi-natural habitat (Martin et al. 2019) and higher biomass in 

conventional agricultural fields (Martin et al. 2016), demonstrating the importance of semi-

natural habitat and edge density in biological control and plant yield.  

Effects of landscape structure on pests and natural enemies in soybean 

The impact of landscape complexity on the abundance of natural enemies and aphid density in 

soybean has been investigated in North America since shortly after the introduction of soybean 

aphids in the early 2000s. Predators, parasitoids, and aphids have been shown to be dependent on 
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the composition and diversity of the surrounding landscape (Gardiner et al. 2009, 2010, Noma et 

al. 2010, Woltz et al. 2012, Mitchell et al. 2014, Liere et al. 2015, Stack Whitney et al. 2016, 

Maisonhaute et al. 2017, Samaranayake and Costamagna 2018, Redlich et al. 2018). Specifically, 

natural enemy abundance and functional diversity have been associated with a higher proportion 

of woodlands and a lower proportion of soybean in the landscape (Maisonhaute et al. 2017). 

However, a higher proportion of soybean has also been observed to increase natural enemy 

abundance when in conjunction with habitat diversity within a 1.5 km radius (Liere et al. 2015). 

Therefore, the amount of soybean in the landscape may benefit the natural enemy community 

when the surrounding landscape is more diverse. Coccinellids have been observed to be more 

abundant in landscapes with more semi-natural habitat (Gardiner et al. 2009, Woltz et al. 2012), 

and high crop diversity (Woltz and Landis 2014), however, habitat diversity has been observed 

to have no effect on coccinellid abundance (Woltz et al. 2012). The inconsistent effect of crop 

and habitat diversity on coccinellid abundance may result from habitat diversity containing cover 

types that have neutral and/or negative impacts on coccinellid abundance which overrides the 

benefit of crop diversity in those landscapes and suggests crop diversity and semi-natural habitat 

may be better predictors of coccinellid abundance than habitat diversity.  

Aphid density has been shown to be lower in landscapes with greater crop richness at 1.5 

km (Maisonhaute et al. 2017) and habitat diversity within 1.5 and 2 km radii of the focal soybean 

field (Gardiner et al. 2009, Noma et al. 2010). Additionally, more corn and soybean, and less 

non-crop habitat in the landscape have been associated with higher soybean aphid abundances 

(Gardiner et al. 2009, Noma et al. 2010). Furthermore, aphid abundance has been shown to 

decrease with the proportion of forest in the landscape (Mitchell et al. 2022).  

Soybean aphid control has been positively associated with landscapes with more crop 

richness and less soybean, and in more diverse landscapes (Gardiner et al. 2009, Noma et al. 

2010). However, crop diversity has also been observed to have no effect on aphid regulation at 

0.5 and 1 km radii (Botzas-Coluni et al. 2021). The proportion of crops and non-crop habitat in 

the landscape, other than soybean and corn, have been associated with greater soybean aphid 

control (Gardiner et al. 2009, Stack Whitney et al. 2016), and aphid parasitism has been shown to 

increase with the proportion of forest in the landscape (Mitchell et al. 2022). Therefore, the 

amount of semi-natural habitat or woody vegetation, and the diversity of crops or more 
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generally, habitats in the landscape can have a positive impact on the community of natural 

enemies and aphid control, and negatively impact aphid abundance in soybean. 

Liere et al. (2015) demonstrated habitat diversity and the proportion of soybean in the 

landscape benefitted natural enemy populations, biocontrol, and resulted in increased soybean 

yield. This is one of the only studies that measures the indirect effect of landscape on soybean 

aphid biocontrol through its direct effect on natural enemies (top-down effects). However, this 

study does not measure the impact of landscape on aphid abundance or colonization (bottom-up 

effects) and its effects on aphid biocontrol, leaving a gap in our understanding of how landscape 

affects aphid colonization in soybean (Liere et al. 2015).  

Natural habitat in the landscape has been observed to have positive and negative effects 

on soybean aphid control (Tscharntke et al. 2016). Often greater natural habitat corresponds to 

more of their overwintering host, buckthorn, nearby, thereby increasing aphid density (Stack 

Whitney et al. 2016, Tscharntke et al. 2016, Maisonhaute et al. 2017). Since we do not believe 

soybean aphids overwinter in Manitoba, it is likely natural habitat would result in a positive 

effect on soybean aphid control through its benefits to the natural enemy community.  

The configuration of the landscape has yet to be extensively studied in the control of 

soybean aphids. Thus far, coccinellid abundance has been observed to be higher in landscapes 

dominated by small field sizes (Woltz and Landis 2014), and the rate of parasitism and 

hyperparasitism have been found to decrease with increasing field width in soybean (Mitchell et 

al. 2022). Soybean aphid abundance has been negatively associated with higher mean field area 

of all crop fields in the landscape (Maisonhaute et al. 2017), to decrease with increasing field 

width (Mitchell et al. 2022), and be higher in landscapes with lower field perimeter to area ratios 

(Mitchell et al. 2014). Contrarily, smaller fields in the landscape have also been associated with 

reduced aphid regulation (Botzas-Coluni et al. 2021). Therefore, small fields in the landscape 

likely benefit the natural enemy community but have contrasting effects on aphid abundance in 

soybean. Although edge density has not been well studied for its impacts on soybean aphids, it 

has been shown to benefit both pests and natural enemies that overwinter outside of crops 

(Martin et al. 2019). Therefore, soybean aphids are likely impacted by edge density as they do 

not overwinter in soybean residue. Although landscape configuration has been studied for its 
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effects on natural enemies and aphid density in soybean, further investigation is needed to 

understand how these measures impact soybean aphid biocontrol.   

In Manitoba, soybean aphid biological control has been studied during typical, low aphid 

years and was positively associated with cereals and weakly negatively associated with the 

amount of canola within 2 km of the focal soybean field (Samaranayake and Costamagna 2018). 

The same study also found the proportion of woodland and cereals to have a positive effect on 

aphid biocontrol at 1.5 km radius, and aphid population size to negatively relate to coccinellid 

movement and the proportion of cereals in the landscape (Samaranayake and Costamagna 2018). 

This demonstrates the importance of having cereals and woodlands in the landscape in 

controlling soybean aphids in Manitoba during a low aphid year. However, no study to date has 

investigated how the surrounding landscape impacts natural enemies, aphid density and 

biocontrol in Manitoba during an outbreak year. Maisonhaute et al. (2017) investigated the 

effects of differing aphid densities on natural enemies and their response to landscape during a 

high vs moderate aphid year in Québec. They found aphid abundance had positive associations 

with the proportion of soybean and negative associations with crop richness during a high aphid 

year, and positive associations with the amount of woodlands and negative associations with 

mean field area during a moderate aphid year, at a 1.5 km radius (Maisonhaute et al. 2017). 

Therefore, understanding how the natural enemy community responds in a high vs low, but 

typical, aphid year in Manitoba could be the next step at better understanding the dynamics 

between aphids and natural enemies in soybean. 

Most of the research in North America regarding the impacts of landscape on soybean 

aphids and their natural enemies has been conducted in the upper Midwest of the United States, 

and in Ontario and Québec. I hypothesize that the surrounding landscape and the movement of 

natural enemies will influence soybean aphid suppression in Manitoba, and the type of adjacent 

habitat will influence natural enemy movement. Specifically, my research aimed to answer the 

following questions:  

I. How does landscape composition and configuration impact the colonization of 

aphids in soybean? (Chapter 3) 

II. How does landscape composition and configuration impact natural enemy 

abundance and movement to soybean? (Chapter 3) 
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III. How does the surrounding landscape, and predator immigration and aphid 

colonization in soybean affect soybean aphid suppression? (Chapter 3) 

IV. How do soybean aphid outbreaks affect the movement and abundance of natural 

enemies in soybean? (Chapter 4) 

V. How do adjacent habitats affect the movement of generalist predators? (Chapter 

4) 
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CHAPTER 3: COMPLEMENTARY EFFECTS OF CROP DIVERSITY AND EDGE 

DENSITY ON PEST SUPPRESSION IN OUTBREAK AND NON-OUTBREAK YEARS 

Abstract 

Agricultural intensification has resulted in the homogenization of agricultural landscapes, 

resulting in the loss of crop and habitat diversity, and a higher rate of chemical inputs in the 

landscape, negatively impacting natural enemy communities and their ability to provide pest 

control services. Landscape heterogeneity is thought to benefit predator populations (increasing 

landscape complementation) and lower pest colonization (decreasing resource concentration), 

however few studies have determined the relative importance of these two processes in pest 

suppression. Here, I tease apart direct and indirect impacts of landscape heterogeneity on 

experimental populations of soybean aphid Aphis glycines Matsumura excluded from and open 

to predation, in 23 soybean Glycines max (L.) Merr. fields in Manitoba, in 2017 and 2018. Field 

plant counts and sweep net samples were conducted to determine aphid and predator abundances, 

respectively, and Malaise traps were used to quantify predator immigration into soybean. 

Landscape effects differed between a soybean aphid outbreak year (2017) versus a non-outbreak 

year (2018). I found that crop diversity at a 1.5 km radius had negative impacts on aphid 

colonization during the outbreak year, resulting in greater aphid suppression but no impacts on 

predator immigration. Edge density at a 1.5 km radius increased aphid suppression during the 

low aphid year. Predator immigration and abundance were driven by aphid colonization in 

soybean, and syrphid and coccinellid abundance were 33-fold and 15-fold more abundant in the 

high compared to the low aphid year. Thus, my study revealed complementary effects of 

landscape heterogeneity on aphid suppression: a reduction of resource concentration associated 

with increased crop diversity and resulting in bottom-up effects during outbreaks, and an 

increase in landscape complementation associated with increased edge density and top-down 

control in low aphid years. Increasing crop diversity seems a promising strategy to mitigate 

aphid outbreaks without compromising food production. 

Introduction 

Agricultural intensification has resulted in larger field sizes, reduced crop diversity, and loss of 

natural habitat in the landscape, which has resulted in homogeneous agricultural landscapes with 

little heterogeneity (Bianchi et al. 2006, Plourde et al. 2013, Landis 2017). Landscape 

heterogeneity includes both composition (e.g. proportion of non-crop habitat, crop and habitat 
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diversity) and configuration (e.g. edge density, crop perimeter-to-area ratio, mean field size) 

measures (Fahrig et al. 2011, Perović et al. 2015). Decreased landscape heterogeneity has been 

shown to increase herbivore colonization by augmenting host-crop connectivity and availability, 

and to reduce natural pest-control through its bottom-up effects on pest abundance following the 

resource concentration hypothesis that states larger stands of a host plant should recruit more 

herbivores per plant, resulting in increased herbivore pressure and the rate of insecticide use 

(Root 1973, Meehan et al. 2011, Rand et al. 2014, Kheirodin et al. 2020, Larsen and Noack 

2021, Nicholson and Williams 2021, Malaj and Morrissey 2022). Insecticides have been shown 

to negatively impact insect biodiversity, and more specifically, the abundance of natural 

enemies, and as such, has resulted in lower levels of biological control (Desneux et al. 2007, 

Johnson et al. 2008, Ohnesorg et al. 2009). Therefore, increasing the heterogeneity of the 

landscape is one potential method to reduce chemical dependency in agriculture (Meehan et al. 

2011, Larsen and Noack 2021, Nicholson and Williams 2021). Landscape heterogeneity may 

also benefit natural enemies as described by the landscape complementation hypothesis, whereby 

accessibility to resources or refuge would be enhanced for species requiring multiple habitats 

during their life span by decreasing the distance between habitat-types, resulting in greater 

predator populations and top-down effects on pest abundances (Dunning et al. 1992, Fahrig 

2017, Sirami et al. 2019, Haan et al. 2020). Therefore, landscape heterogeneity can act to 

increase biological control through top-down (increased landscape complementation) and 

bottom-up (decreased resource concentration) processes.  

Increasing landscape heterogeneity through crop diversification has been shown to 

benefit natural enemies, decrease pest abundance, and result in increased biological control in 

cereals (Bosem Baillod et al. 2017, Redlich et al. 2018, Kheirodin et al. 2020), and crop richness 

has been observed to reduce aphid density in soybean (Maisonhaute et al. 2017). However, few 

studies have tested the effects of crop diversity on pest density, and even fewer on pest 

suppression, since most research up to now has focused on habitat diversity or the proportion of 

native vegetation and annual crops in the landscape. Habitat diversity includes both crop and 

natural vegetation in the index, and has been shown to increase natural enemy richness and 

abundance (Meyer et al. 2009, Liere et al. 2015), to lower herbivory (Martin et al. 2016), and 

result in increased levels of biological control (Gardiner et al. 2009), and crop yield (Liere et al. 

2015). However, habitat diversity has also been shown to have no effect on coccinellid 
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abundance (Woltz et al. 2012), parasitism rate (Jonsson et al. 2012), or aphid density and control 

(Jonsson et al. 2012, Grez et al. 2014). These contrasting results may be attributed to some 

studies grouping all crops into one cover type “crop” (e.g. Grez et al. 2014) and other studies 

considering each crop as its own unique cover type when calculating habitat diversity (e.g. 

Gardiner et al. 2009, Jonsson et al. 2012, Liere et al. 2015). However, it could also be that these 

studies reflect differing regions and species groups that respond differently to habitat diversity or 

that the components of habitat diversity vary considerably among landscapes. Therefore, studies 

that tease apart the impact of habitat diversity and crop diversity on natural enemy abundance 

and pest suppression are needed to fully understand the importance of landscape heterogeneity in 

agricultural systems.  

Natural enemy movement into crop fields is crucial in providing pest control ecosystem 

services in annual crops (Macfadyen and Muller 2013, Schellhorn et al. 2014, Macfadyen et al. 

2015, Samaranayake and Costamagna 2018). Although landscape composition is thought to 

impact natural enemy movement, few studies have demonstrated this connection due to 

difficulties separating local- vs landscape-scale effects (Schellhorn et al. 2014). Edges are 

thought to be important for the movement of natural enemies between crop types (Macfadyen 

and Muller 2013). Therefore, the density of edges in the landscape may impact migration 

processes. Edge density may benefit natural enemies by way of easier escape from disturbance 

(Boetzl et al. 2020), especially for insects with limited dispersal capabilities (Fahrig 2017). Edge 

density has been shown to increase the richness and abundance of natural enemies in the 

landscape (Martin et al. 2016, Haan et al. 2020), and has resulted in increased pest control and 

yield in Europe (Martin et al. 2019). However, few studies have demonstrated its impact on 

natural enemies and pest control in North American landscapes (Haan et al. 2020, Zhang et al. 

2020).  

Natural enemy migration to a habitat has been shown to be in response to pest abundance, 

resulting in increased pest suppression (Woltz and Landis 2013, Schellhorn et al. 2014), but also 

as a random searching process (Seagraves 2009). The few studies that have quantified natural 

enemy movement in crops have shown movement from natural vegetation to crops early in the 

growing season (Macfadyen et al. 2015) and to soybean throughout the season (González et al. 

2016), higher movement between canola and cereals than between canola and natural vegetation 
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(Macfadyen and Muller 2013), and syrphids and chrysopids moving from soybean to canola 

(Samaranayake and Costamagna 2019). Additionally, predator migration has been shown to 

predict pest suppression better than the surrounding landscape (Samaranayake and Costamagna 

2018). Therefore, understanding how the surrounding landscape and pest density impacts natural 

enemy immigration to a field may be useful for understanding pest population dynamics. Finally, 

the contribution of predator immigration vs reproduction in response to pest density has rarely 

been studied (i.e., local- vs landscape-scale processes), and therefore, should be investigated to 

develop a better understanding of predator population dynamics (Schellhorn et al. 2014).  

Here I determined the relative importance of landscape heterogeneity on top-down versus 

bottom-up effects on pest abundance, predator immigration, and pest suppression in soybean. 

Piecewise structural equation modelling was used to investigate the paths between landscape 

heterogeneity and Aphis glycines Matsumura (Hemiptera: Aphididae) suppression. More 

specifically, I asked: (1) Does landscape heterogeneity indirectly impact aphid biocontrol 

through aphid colonization and predator immigration? (2) How does aphid colonization 

contribute to predator immigration and predator populations in soybean? and, (3) How does the 

community of natural enemies respond to differences in aphid densities? I predicted indirect 

benefits on aphid suppression through i) edge density by promoting predator movement in the 

landscape, and ii) crop and habitat diversity through ii) a. increased predator abundance and 

migration by promoting easier access to resources and ii) b. reduced aphid colonization in 

soybean by decreasing habitat connectivity and suitable host crop area (objective 1). I also 

predicted that iii) predator abundance and iv) immigration follow aphid densities (objective 2), 

and v) an overall greater community response when aphid abundance is high (objective 3). I 

addressed these questions by conducting experiments on fields located in a gradient of landscape 

heterogeneity, quantifying aphid and predator abundance, and predator movement, and their 

associations with pest suppression of experimental aphid populations. 

Materials and methods  

Site selection  

Twenty-three soybean field sites were selected in 2017 (n=12) and 2018 (n=11) in 

Manitoba (Appendix I, II). Soybean field sites were selected from landscapes with a low, 

medium, and high proportion of natural and semi-natural habitat. The minimum distance 
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between fields was 4.5 km and furthest distance was 170 km. Field size was on average 76 ± 

9.98 ha, ranging from a minimum size of 10 ha to a maximum of 185 ha (Appendix II).  

Sampling field aphid populations 

Destructive plant counts were conducted weekly in each field to determine the abundance 

of alate and apterous soybean aphids. An area approximately the size of 75 x 75 m was sampled 

near the pest suppression experiment, with plants selected haphazardly by throwing a flag in the 

soybean field and wherever the flag landed the plant next to the flag was chosen. A total of 20 

plants were sampled in each field each week, and if there were on average more than 1000 

aphids/plant, only ten plant counts were conducted (Johnson et al. 2009). Apterous and alate 

soybean aphids and aphid mummies were counted, and the developmental stage of each plant 

was recorded (Ritchie et al. 1985).  

Pest suppression experiment 

An experiment testing aphid suppression was conducted between the third week in July 

and the first week in August, in 2017 and 2018. The experiment consisted of five plots 1m apart 

with a predator exclusion and open to predation treatment (hereon exclusion and open 

treatments, respectively). Each treatment had 14 sentinel aphids placed on soybean plants. 

Aphids were taken from lab colonies from the Department of Entomology at the University of 

Manitoba. The open treatment consisted of no coverings, exposing it to ambient levels of 

predators and the exclusion treatment consisted of a wire tomato cage (0.4 m diameter x 1 m tall) 

covered by fine mesh (0.24 mm2 no-see-um netting) creating a barrier to aphid and predator 

movement (Costamagna and Landis 2011). The mesh of the exclusion treatment was knotted 

then tied to a 1.5 m metal rod to secure it in place on top, and binder clips were used to attach the 

mesh to bottom of the cage, which was subsequently buried under the soil. Plants that were 

adjacent or potentially touching experimental plants were removed to prevent contamination of 

field plants with my sentinel aphids.  

In 2017, potted soybean plants were transplanted into soybean fields. Plants were grown 

in black square plastic pots (9 cm x 9 cm x 18 cm) under greenhouse conditions (16:8 hours, 

light: dark, 23-27 ºC, 60-75% relative humidity). The soil consisted of peat mix (Sunshine® Mix 

#4, Sun Gro Horticulture Canada Ltd.), compost, and sand in equal parts. Four seeds (Prudence 

variety) were planted in each pot three weeks before the field experiment and were watered three 
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times a week. When the plants reached the unifoliate stage, they were moved outside the 

greenhouse for hardening. Two plants were removed from each pot before going to the field, and 

the two remaining plants were loosely tied to a 30 cm bamboo stick with a twist tie for support. 

A pot with the two soybean plants at vegetative stage 3 or 4 (Ritchie et al. 1985) was buried at 

ground level in each of my treatments (Appendix III). The plots were set up perpendicular to the 

road, 20 m from the adjacent field border, with each plot separated by 5 m and paired open and 

exclusion treatments separated by 1 m (Appendix III). Pots were randomly selected using a 

random numbers table for assignment to a plot. After placement in the field, pots were infested 

with seven sentinel aphids on each of the two potted plants. Plants in each treatment were 

watered with a drip watering system that consisted of a 2-litre plastic bottle filled with water, a 

vinyl tube, and a string buried in the soil (Samaranayake and Costamagna 2018), and Plant-

Prod® fertilizer (N-P-K: 20-20-20, Sure-Gro IP Inc.) was added 7 days later. 

In 2018, field plants were used instead of potted plants due to logistical reasons, since 

previous studies determined that insecticide treatments in the seeds would be inactive at the time 

of experimental set up (Seagraves and Lundgren 2012). Each treatment consisted of one plant 

with 14 sentinel aphids. There were 5 plots set up parallel to the road, with each plot separated 

by 10 m and treatment pairs separated by 1 m (Appendix III). Plots were placed 10 m, 20 m, 30 

m, 40 m, and 50 m from the adjacent field border.  

Aphids escaping control was calculated as the log-ratio of aphids (apterous and alates) in 

the open to the exclusion treatment (equation 1; soybean aphid effect size sensu Liere et al. 

2015). Higher aphid suppression is observed when there is a low number of aphids escaping 

control.  

  𝐴𝑝ℎ𝑖𝑑𝑠 𝑒𝑠𝑐𝑎𝑝𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝑒𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒) = 𝑙𝑜𝑔
𝑎𝑝ℎ𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑝𝑒𝑛

𝑎𝑝ℎ𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑥𝑐𝑙𝑢𝑠𝑖𝑜𝑛
    eqn 1 

In both years, weekly aphid counts were conducted to determine the abundance of 

apterous and alate aphids. Separate counts were performed for apterous and alate aphids to try 

and tease out local production vs immigration of alate aphids. The number of predators, 

parasitoids, and aphid mummies, and the vegetative and reproductive stage of soybean was 

recorded at 7 and 14 days after the experimental set up. No fields were treated against aphids 

during the sampling period. In 2017, two fields were sampled at 13 days and one at 15 days, due 
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to a producer needing to apply insecticides for soybean aphid control. I adjusted aphid count 

numbers for these three fields by calculating the intrinsic rate of increase (r) in the predator 

exclusion treatment assuming exponential growth, using equation 2,  

           𝑟 =
ln(𝑁𝑡)−ln(𝑁0)

𝑡
     eqn 2  

where N0 is the population size at experimental set up, Nt the population size at the time since 

experimental set up, and t is days since experimental set up. I then used the aphid counts from 

day 7 (N7 days) to estimate aphid population size at 14 days for both the open and predator 

exclusion treatments using equation 3. 

        𝑁14 𝑑𝑎𝑦𝑠 = 𝑁7𝑑𝑎𝑦𝑠
𝑟𝑡     eqn 3 

Aphid counts from field plants were also adjusted to 14-day levels for the proper 

comparison of aphid abundance across sites. I used the same method described above, with the 

intrinsic rate of increase from the predator exclusion treatment, as it does not allow for 

immigration or emigration of aphids to occur, which is an assumption of exponential growth, and 

because plants counted differed in sites across weeks. In 2017, a grasshopper infestation in one 

field site resulted in the removal of two open treatment pots at 14 days due to plant damage. A 

treatment was removed if there were less than 3 leaves left on damaged plants, as this level was 

considered to have severe limitations on aphid population size. Additionally, one pot from 

another field site in the open treatment was removed at 13 days due to plant death. 

Predator sampling 

One bi-directional Malaise trap (Townes style:190 cm front height, 110 cm back height, 

160 cm length; Sante Traps, Lexington KY, US) was placed between soybean and one adjacent 

habitat approximately 75 m from the nearest paved road border in each soybean field to estimate 

predator immigration into soybean. Each soybean field was adjacent to either canola (Brassica 

napus L.), spring wheat (Triticum aestivum L.), alfalfa (Medicago sativa L.), or woody 

vegetation (Appendix II). Traps were set out for a period of two weeks, and insects were 

collected once a week (n=24) and preserved in 70% ethanol until identification. Sweep net 

samples were conducted in soybean once a week during the pest suppression experiment, for a 

total of two sampling periods (n=24 in 2017; n=22 in 2018), to collect predators. One transect of 

125 180-degree sweeps was conducted 25 m from the field border with the Malaise trap. At 
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every 25 sweeps contents were emptied into a polythene bag to avoid crashing and damaging 

insect specimens. All contents were considered one sample. Samples were stored in polythene 

bags and kept at -18°C prior to identification. 

All Coccinellidae, Chrysopidae, Hemerobiidae, Anthocoridae, Nabidae, and Syrphidae 

from Malaise trap and sweep net samples were quantified. Adult coccinellids were identified to 

species (Gordon 1985, 1987). Adult chrysopids (Penny et al. 1997, Penny 2006, Garland and 

Kevan 2007) and hemerobiids were identified to species in 2017 (Carpenter 1940, Klimaszewski 

and Kevan 1992, Penny et al. 1997), whereas chrysopids were identified to genus and 

hemerobiids to family in 2018 due to some species of chrysopids having differential feeding 

strategies as adults and all hemerobiids having predaceous adults. The three dominant syrphids 

were identified to species (Toxomerus marginatus (Say), T. geminatus (Say) and Eupeodes 

americanus (Wiedemann)) from Malaise traps, but only T. marginatus was identified from 

sweep net samples (Vockeroth 1992). Coccinellid, chrysopid, hemerobiid, and syrphid larvae 

were identified to family. Vouchers can be found in the Wallis Roughley Museum of 

Entomology at the University of Manitoba.   

A sample of black aphid mummies were hand-collected from fields in Emerson (n=20) 

and Beausejour (n=16), the third week of August 2017, and brought back to the laboratory to be 

reared out in a growth chamber (16:8 hours, light: dark, 24 ºC, 60-75% relative humidity) for 

species identification. Brown aphid mummies were not collected due to low abundance. Only 

fourteen parasitoids emerged from the thirty-six black aphid mummies. Parasitoids were placed 

in 95% ethanol upon emergence. Six of the fourteen parasitoids were sent to the Canadian 

National Collection of Insects, Arachnids and Nematodes (CNC) for identification, and were 

identified to genus. Five of the fourteen parasitoids were sent to James Woolley at Texas A&M 

University and were identified to species.  

Landscape quantification 

The crop and non-crop habitats within a 2 km radius from the focal soybean field were 

mapped in ArcGIS 10.2.2 (ESRI 2013). Habitat identifications were ground-truthed in person the 

second week of August of each year. Crop habitats included alfalfa, barley, canola, corn, field 

beans, fallow, hemp, oats, oats mixed with wheat, pumpkin, soybean, sunflower, wheat, and 

wheat undersown with alfalfa (Appendix IV). Shannon’s diversity index was used to calculate 
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crop and habitat diversity using the ‘vegan’ package in R (Oksanen et al. 2019; R Core Team 

2019). Landscape variables were quantified at 2 km, 1.5 km, 1 km, and 0.5 km radii. 

Composition variables included percent area of each major crop (soybeans, canola, and cereals), 

woodland, and semi-natural area separately (Appendix IV). Crop diversity, habitat diversity, and 

habitat diversity with all crops combined into one cover type (“crop”), were calculated from the 

diversity land cover category in Appendix IV. Configuration variables included mean crop 

perimeter-to-area ratio (mean ratio of the perimeter of crop fields to the area of the fields) and 

edge density (sum of all edge lengths within the landscape divided by the total area of the 

landscape in m/ha) (Martin et al. 2019). The percent total cropping area at 2 km and 1.5 km, and 

the average soybean field size per landscape at 2 km radii were also estimated.  

Statistical analysis 

All statistical analyses were conducted in R (R Core Team, 2019). Unless otherwise 

stated, aphids include both alate and apterous aphids in all analyses. An analysis of variance 

(ANOVA) was used to test if the mean number of aphids differed in the open and exclusion 

treatments after 14 days, for 2017 and 2018 separately. To determine whether the change in the 

use of plants (i.e., potted versus field plants) between years had any effect on aphid population 

growth, a one-way ANOVA was performed on the mean number of aphids in the exclusion 

treatment after 14 days, with year as a fixed factor. In both analyses, aphid counts were averaged 

within field sites, and aphid counts were log10 + 1 transformed to meet model assumptions. In 

addition, a one-way ANOVA was used to test whether distance to the adjacent field border (fixed 

factor with 5 levels: 10, 20, 30, 40, 50 m) influenced aphids escaping control after 14 days, with 

field as a blocking factor. A Pearson’s correlation was conducted between the mean number of 

alate and apterous aphids/plant in my study sites during the second sampling week to see if 

higher alate immigration correlated with more apterous aphids in soybean. Simple linear 

regressions were done to determine how the number of alates present in field plants related to 

aphids escaping control in my pest suppression experiment after 7 and 14 days. A one-way 

ANOVA was used to test if there were more alates in the open treatment than on field plants 

during the second week of the experiment. A one-way ANOVA was done to determine if there 

were more alates in the open than the exclusion treatment during the second week of the 

experiment, using the number of alates/treatment as the response, treatment as a fixed factor, and 

field as a blocking factor. 
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To examine how the surrounding landscape influences aphids escaping control, I 

performed path analyses to evaluate the causal links between landscape composition, field 

populations of soybean aphids, predator immigration, and predator abundance in soybean. 

Predators included adults from the families Anthocoridae, Coccinellidae, Chrysopidae, 

Hemerobiidae, and Nabidae. Path models were constructed in the package ‘piecewiseSEM’ 

(Lefcheck 2016, Shipley 2016). Individual models were fit as either linear mixed effects models 

using the ‘nlme’ package (Pinheiro et al. 2019) or generalized linear mixed effects models using 

the ‘lme4’ package (Bates et al. 2015). In all models, experimental field site was considered a 

random effect to control for two sampling periods at each site. Field aphids (log10 transformed), 

aphids escaping control (log ratio of open to exclusion aphids), predator immigration (sqrt 

transformed), and predators in soybean were included as response variables. Path coefficients (β) 

were standardized by standard deviations of the mean to allow for comparisons of direct and 

indirect pathways in the model (Lefcheck 2016). Unstandardized path coefficients are also 

presented to enhance predictive ability (Grace 2006). Predator immigration was analyzed as the 

number of individuals/trap/day moving into soybean multiplied by 7 to adjust for one field that 

was sampled 8 days, and two fields that were sampled 6 days during the second week of the 

study. Predators in soybean were analyzed as the number of individuals/125 sweeps. Syrphids 

were not included in my analysis as they are not predaceous as adults and their high capture rate 

would have skewed the results. Due to the low number and lack of consistency in parasitoid 

abundance across field sites, parasitoids were not included in the analysis. 

To select landscape variables for the path analysis model, I included all variables I 

hypothesized were important for field populations of aphids and predator immigration and ran a 

Spearman correlation (Appendix V, VI). Correlations greater than r=0.35 were then run with the 

dredge function from the ‘MuMIn’ package (Barton 2020) and the models with the lowest delta 

AIC were retained (Appendix VII) (Perez-Alvarez et al. 2018). Final models were checked 

graphically for normality and homoscedasticity of the residuals. Variance inflation factors (VIF) 

were calculated for models with multiple landscape variables to minimize collinearity using the 

‘car’ package (Fox and Weisberg 2019). All tested models had VIFs <2 (Zuur et al. 2010).  

In 2018, I had very low aphid and predator immigration and abundances in soybean fields 

and therefore could not detect any direct significant associations with the surrounding landscape 
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or with aphids escaping control. Instead, I tested for indirect significant relationships between 

landscape and aphids escaping control. I classify it as indirect since the surrounding landscape 

cannot directly impact sentinel aphid populations. Spearman correlated landscape variables with 

correlations greater than r=0.35 were used to construct linear mixed effects models (Appendix 

VIII), with experimental field site as a random factor to control for two sampling periods. 

An ANOVA was used to determine if average predator immigration into soybean (bi-

directional Malaise traps; mean number of individuals/trap/day) and the average number of 

predators captured in soybean (mean number of individuals/125 sweeps) averaged across the two 

weeks differed between sampling years. When assumptions of an ANOVA could not be met, a 

Wilcoxon rank-sum test was performed. Percent parasitism was calculated from the average 

number of aphid mummies divided by the average number of aphids in the open to predation 

treatment and on field plants from the field plant counts, multiplied by 100. Arithmetic means ± 

standard errors are presented.  

Results 

Aphid field plant populations 

In 2017, there was an outbreak of soybean aphid, with all study sites having aphids 

(ranging from 85 to 2500 aphids/plant) and reaching an average of 833.25 ± 256.65 aphids and 

13.0 ± 4.6 alate aphids/plant during the second sampling week (Table 1, Appendix IX). A 

positive correlation between the number of alates and apterous aphids on field plants was 

observed (r=0.91, p<0.0001, df=10). In contrast, in 2018 field populations of soybean aphids 

were only observed in two field sites, and in both sites, fewer than 30 aphids/plant were observed 

during the second sampling week, differing significantly from the previous year (Table 1).  

Natural enemies in soybean 

Syrphids and coccinellids were the most abundant predator families collected in soybean 

in 2017, followed by anthocorids, chrysopids, nabids, and hemerobiids (Table 1, Appendix X). 

Adult syrphids were 33-fold more abundant in 2017 than 2018, and larvae were collected in 2017 

but not 2018. Coccinellid adults were 15-fold and larvae 44-fold more abundant in 2017 than 

2018, with larvae on average more abundant than adults. No coccinellid larvae and very few 

adults were captured in 2018. Anthocorids were abundant in both years and similarly captured in 

2017 and 2018. Nabids were 4-fold more abundant in 2017 than 2018, and chrysopid abundance 
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was similarly low both years for adults, but larvae were more abundant in 2017. Hemerobiid 

adults were captured in low numbers both years, however, adults were more abundant in 2017. 

A very low number of brown (Braconidae: Hymenoptera) and black (Aphelinidae: 

Hymenoptera) aphid mummies were observed on field plants in 2017. Parasitism ranged from 0 

to 0.59% on field plants and 0 to 0.48% on the open treatment. Black mummies were the most 

abundant and present in 10 of the 12 study sites. I observed on average 1.4 ± 0.82 

mummies/plant and 0.12 ± 0.048% parasitism on field plants and 0.72 ± 0.32 mummies/plant 

and 0.18 ± 0.11% parasitism on open to predation plants during the second sampling week. 

Brown aphid mummies were observed only on field plants, and at very low numbers (0.04 ± 

0.034 mummies/plant, n=12). In 2018, no brown mummies were observed, only two black 

mummies were recorded on the open to predation plants across all field sites, and no aphid 

mummies were observed on field plants. The black aphid mummies that were collected and 

reared were identified as a female Aphelinus semiflavus Howard and four male A. atriplicis 

Kurdjumov.  

Predator immigration  

Syrphid, hemerobiid and coccinellid immigration were on average 15-, 4-, and 2-fold 

higher in 2017 than 2018, respectively (Table 2, Appendix XI). Immigration of all non-syrphid 

predator groups combined, did not differ between sampling years (Table 2). In particular, the 

average immigration of chrysopids, anthocorids, and nabids were similar both years, with very 

few anthocorids and nabids captured either year (Table 2).  

Aphid suppression  

In 2017, there was no difference in aphid suppression by natural enemies during the 

second sampling week (Figure 1a; F1,22=0.10, p=0.76). I saw no difference in alate abundance 

between field plants (13.0 ± 4.6) and the open treatment (11.2 ± 1.3) during the second week 

(F1,22=0.60, p=0.45). The number of alates in the open was significantly higher than in the 

exclusion treatment (F1,104=24.42, p<0.0001), after controlling by field (F11,104=13.36, p<0.0001), 

suggesting immigration of field alate aphids onto open treatment plants (Appendix XII). I found 

significant positive relationships between the number of alates in the field and aphids escaping 

control in the first (y = 0.22x – 0.25, adjusted R2 = 0.56, p=0.0030, n=12) and second (y = 0.14x 

– 0.26, adjusted R2=0.27, p=0.047, n=12) week of the experiment (Figure 2), suggesting more 
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alates in the field reduces aphid suppression. In addition, more alate aphids were observed in 

field plant counts during the second sampling week than the first (F1,11=27.46, p=0.0003), 

suggesting higher aphid immigration at the end of the experiment. 

In 2018, I observed no effect of distance to the adjacent field border on aphids escaping 

control (F4,40=1.45, p=0.24), and therefore used the average per field in the following analyses. 

In striking contrast with the previous year, I observed 5-fold sentinel aphid suppression by 

natural enemies across all sampled fields after 14 days (Figure 1b; F1,20=27.7, p<0.0001). The 

mean number of aphids in the exclusion treatment did not differ between 2017 and 2018 after 14 

days (F1,21=2.05, p=0.17), suggesting sentinel aphid populations had similar growth potential and 

were not affected by the different environmental and experimental conditions between years.  

Direct and indirect effects of landscape heterogeneity on aphid suppression 

Based on model selection using the dredge function (Appendix VII), two landscape 

variables were retained in the path analysis model, crop, and habitat diversity. The causal 

hypotheses of my path model were supported by Shipley’s test of d-separation, indicating the 

model was a good fit to the data in 2017 (Fisher’s C=8.92, df=10, p=0.54; Figure 3). Crop 

diversity had an indirect negative effect on the number of aphids escaping control 

(unstandardized path coefficients, B=-1.21, second strongest path in the model) and predator 

immigration (B=-5.63), which was mediated through its direct negative effect on field 

populations of soybean aphids (B=-2.28; Figure 4a). Although habitat diversity was retained in 

the path model it did not impact field aphids or predator immigration into soybean (Figure 3). 

Field aphids had strong positive direct effects on aphids escaping control (B=0.53; Figure 5, 

second strongest path in the model), and on predator immigration (B=2.47, strongest path in the 

model; Figure 5), but a weak effect on predators in soybean (B=0.90; Figure 5). In addition, 

predators in soybean were indirectly affected by field aphids (B=0.57), mediated through the 

positive direct effect of predator immigration on predator abundance in soybean (B=0.23, 

weakest path in the model; Figure 5). There was no significant effect of predator immigration on 

aphids escaping control, although a negative trend was observed. The relationship between 

predators in soybean and aphids escaping control was explored, however a positive trend was 

observed, suggesting higher predator abundances cause there to be more aphids, and therefore, 

this path was not included as a causal link in the path model.  
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In 2018, the very low field populations of aphids and predators in soybean prevented us 

from fitting a full path model. Instead, I fit linear mixed effects models directly with landscape 

variables and aphids escaping control and found that edge density at a 1.5 km radius was the 

most important landscape variable for aphids escaping control and was observed to have a strong 

negative effect after 14 days (B=-0.0034, df=9, p=0.015; Figure 4b). All other landscape 

variables tested were not significant.  

Discussion 

This study demonstrates complementary effects of landscape heterogeneity on aphid 

suppression, with bottom-up effects mediated by crop diversity dominating an outbreak year and 

top-down controls mediated by edge density prevailing in a low aphid year. I demonstrate that 

landscapes with higher crop diversity reduce aphid populations in soybean and result in fewer 

aphids escaping control during an outbreak year, but despite the positive numerical response of 

generalist predators to aphid abundance in soybean, aphid colonization prevented us from 

observing high levels of top-down control. By contrast, I show edge density benefits aphid 

suppression during a low aphid year, suggesting a prevalence of top-down controls associated 

with facilitating predator movement into soybean fields. Thus, my results suggest that changes in 

landscape composition and configuration can be beneficial to reduce aphid outbreaks in soybean. 

Effects of landscape heterogeneity 

My study is one of the first to show the benefits of crop diversity on pest suppression in 

soybean through experimental manipulation. Previous studies have demonstrated a reduction in 

pest populations in cereals (Bosem Baillod et al. 2017, Kheirodin et al. 2020) and an increase in 

natural enemy abundances in landscapes with higher crop diversity (Woltz and Landis 2014, 

Redlich et al. 2018, Sirami et al. 2019, Aguilera et al. 2020), and Maisonhaute et al. (2017) 

demonstrated crop diversity, and crop richness coupled with a low proportion of soybean in the 

landscape (1.5 km) results in lower aphid densities in soybean. However, crop diversity was 

associated with lower predation frequency in wheat (Kheirodin et al. 2022) and defoliator 

regulation by birds and spiders in soybean, with no effect on aphid regulation (Botzas-coluni et 

al. 2021). To my knowledge only one study tested the effects of crop diversity on aphid 

suppression through experimental manipulation and they found crop diversity (0.5 km) had 

positive impacts on Sitobion avenae (F.) (Hemiptera: Aphididae) suppression in winter wheat 
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(Redlich et al. 2018). Therefore, my results add to the growing body of work that suggests crop 

diversity has the potential to reduce pest populations at multiple spatial scales and is one of the 

first to connect crop diversity with aphid suppression in soybean while teasing apart bottom-up 

and top-down processes that affect aphid population growth.  

Crop diversity can reduce pest populations through one of two non-mutually exclusive 

mechanisms, by the landscape complementation hypothesis or through the resource 

concentration hypothesis, which few studies distinguish between (Root 1973, Dunning et al. 

1992, Thomine et al. 2022). By explicitly modelling the different processes involved using path 

analysis, my study shows that crop diversity benefits aphid suppression by reducing aphid 

colonization in soybean, therefore supporting the latter mechanism and my prediction that 

decreased habitat connectivity and suitable host crop in the landscape will decrease aphid 

colonization in soybean resulting in bottom-up effects on aphid populations. Herbivore density 

and abundance have been shown to decline in landscapes with reduced habitat connectivity 

(Rand et al. 2014), and specialized herbivores have been observed to become more dominant in 

simple landscapes (Root 1973, Poveda et al. 2012, Bosem Baillod et al. 2017, Kheirodin et al. 

2020). In particular, Rhopalosiphum padi (L.) (Hemiptera: Aphididae) has been observed to have 

lower colonization rates in landscapes with less corn (Gilabert et al. 2017), and Cephus cinctus 

N. (Hymenoptera: Cephidae) was more abundant in landscapes with increasing wheat cover 

(Rand et al. 2014). Therefore, my results are in accordance with previous studies that showed 

crop diversity reduces pest densities by diluting their resources; however, percent cover of 

soybean was not retained in my path model, suggesting that the negative effects of crop diversity 

on aphids extend beyond diluting their host crop.   

My results provide little support for the landscape complementation hypothesis, with only 

a non-significant trend of crop diversity increasing predator immigration and predator 

immigration reducing aphids escaping control, therefore rejecting my prediction that crop 

diversity benefits aphid suppression through top-down processes. Crop diversity has been 

associated with increased pollinator and natural enemy abundance and diversity, especially in 

areas with limited natural habitat (Woltz and Landis 2014, Redlich et al. 2018, Sirami et al. 

2019, Aguilera et al. 2020). In my study, predator immigration was clearly driven by the 

population of aphids in soybean fields, supporting my prediction that predator immigration 
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follows aphid densities. Predator populations have been shown to respond to high aphid densities 

in soybean (Donaldson et al. 2007, Noma et al. 2010, Maisonhaute et al. 2017), and therefore, 

the strong impact of field aphids on predator immigration likely masked any direct effect crop 

diversity had on predator immigration. Alate immigration has been observed to disrupt high 

levels of predation by contributing to aphid population growth leading to outbreak conditions in 

soybean (Costamagna et al. 2012) and is likely what prevented aphid control in 2017. The 

majority of alate aphids in my study were likely immigrants and not locally produced, as aphid 

emigration is typically not triggered until there are more than 4000 soybean aphids/plant 

(Donaldson et al. 2007). Although I observed fewer aphids escaping control in the second week 

of my experiment, I observed similar levels of alate immigration, suggesting predators may be 

suppressing aphids, as alate immigration occurs. My results extend previous findings by showing 

that high aphid colonization can offset control by natural enemies over a range of landscape 

complexity, despite a positive response of the natural enemy community to aphid densities.  

Thus far, habitat diversity and the amount of semi-natural habitat have been the primary 

landscape variables associated with lower aphid densities, higher natural enemy abundances, and 

increased biocontrol in soybean (Gardiner et al. 2009, Noma et al. 2010, Woltz et al. 2012, Liere 

et al. 2015, Maisonhaute et al. 2017, Samaranayake and Costamagna 2018). However, the 

amount of semi-natural habitat has also been associated with lack of aphid control in various 

systems (e.g., Costamagna et al. 2015, Karp et al. 2018). Habitat diversity did not impact 

predator immigration or aphid abundance in my study, although retained in the path model, and 

therefore did not support my prediction that habitat diversity would benefit aphid suppression 

through top-down and bottom-up processes. I expected crop diversity and habitat diversity to 

have similar effects, but surprisingly an opposing trend was observed. Landscapes associated 

with this reverse trend had a high proportion of woody vegetation and alfalfa, and moderate 

amounts of grass and pasture habitat. From my analysis in Chapter 4, I show woody vegetation 

and alfalfa contribute fewer predators to soybean than wheat and canola during this sampling 

period. In addition, Samaranayake and Costamagna (2018) showed the proportion of cereals in 

the landscape benefits aphid suppression. Therefore, my results suggest that landscapes with high 

overall habitat diversity may have contrasting effects on pest suppression than landscapes with 

high crop diversity and future studies should consider them as separate characteristics of the 

landscape.  
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Edge density has been shown to increase predator abundance and richness and result in 

higher pest suppression in Michigan and Europe (Martin et al. 2019, Haan et al. 2020, Zhang et 

al. 2020). In soybean, landscapes with smaller field sizes and higher field perimeter-to-area ratios 

have been associated with lower aphid densities (Mitchell et al. 2014, Maisonhaute et al. 2017). 

Therefore, I expected landscapes with high edge density to support greater predator population 

abundances and benefit aphid suppression by promoting predator movement between habitats 

following the landscape complementation hypothesis. In my study, I observed better aphid 

suppression in landscapes with high edge density in a low aphid year. This was likely mediated 

through predation; however, the sampling effort was too low to capture enough predators to test 

the effect of edge density on predator immigration directly, and therefore further research is 

needed to confirm my prediction. When pest abundance is low, natural enemy residence times 

are short (Costamagna and Landis 2007) and a higher density of edges would promote greater 

spillover of natural enemies (Fahrig et al. 2015). Edge density has been positively associated 

with syrphids, coccinellids, staphylinids, and predatory wasps, and resulted in an overall increase 

in natural enemy richness (Martin et al. 2016, Haan et al. 2020), but has also been negatively 

associated with syrphid abundance in Europe (Martin et al. 2019), and coccinellid abundance in 

urban and suburban greenspaces in Chile (Grez et al. 2019). My results support a general trend of 

positive effects of edge density on pest suppression, however, more information is needed before 

this pattern can be generalized to other systems.  

Effect of pest abundance on the natural enemy community 

The two study years provided a unique opportunity to compare the natural enemy 

community’s response in a year with low-to-no aphids to a year with an aphid outbreak, with 

almost half of the study sites surpassing economic thresholds (Appendix VII). A similar study by 

Maisonhaute et al. (2017) compared the response of a natural enemy community to a moderate 

vs high aphid year in soybean in Québec. Their high aphid year consisted of approximately 100 

aphids/plant during the first week of August, which was lower than what I found in my high 

aphid year (Maisonhaute et al. 2017). Therefore, my study provides further information on how 

the natural enemy community responds, but at the extreme ends of a range.  

Immigration of all predators combined was greatly affected by the density of aphids in 

the field, but unexpectedly, year had no effect on predator immigration. A possible explanation 
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for this was higher predator mobility with reduced residence times during the low aphid year 

(Costamagna and Landis 2007). Predator abundance in soybean was driven by aphid abundance, 

supporting my prediction that predator abundance follows aphid densities. Predator abundance in 

soybean was similarly influenced by aphid density and predator immigration into soybean, 

suggesting predator recruitment through immigration and birth. In addition, the high abundance 

of adult and larval predators in soybean suggests retention of predators within the field. Previous 

studies showed that higher aphid density increases predator abundance (Donaldson et al. 2007, 

Lundgren et al. 2017) and retention in the field (Costamagna and Landis 2007, Seagraves 2009, 

Schellhorn et al. 2014). Therefore, aphid abundance was the main factor influencing predator 

abundance in soybean, and predator immigration was similar both years, likely due to increased 

searching behaviour of natural enemies from surrounding habitats.  

Syrphids had the strongest numerical response in the outbreak year. Both their 

immigration rates and abundance in soybean, including larval abundance, increased with aphid 

density. This is likely attributed to the increased presence of food sources, honeydew for the 

adults and aphids for the larvae, resulting in increased movement and abundance in soybean 

(Wäckers et al. 2008, Dunn et al. 2020). Coccinellids were the second most responsive group 

during the outbreak year, with a high number of both adults and larvae captured in soybean. 

Coccinellids have been shown to aggregate in areas with high aphid density (Woltz and Landis 

2013, Schellhorn et al. 2014, Lundgren et al. 2017, Maisonhaute et al. 2017), have higher 

residence times in patches with more aphids (Costamagna and Landis 2007), and do not oviposit 

in areas with low food availability (Seagraves 2009). Coccinellid immigration was twice as high 

in the outbreak than the low aphid year, although this difference was not statistically significant. 

Previous studies have shown coccinellid immigration is a random process which could explain 

the lack of difference between years (Seagraves 2009). The abundance of other natural enemy 

groups, including anthocorids, nabids, chrysopids, and parasitoids, had either no or a low 

density-dependent response to the aphid outbreak. Therefore, my prediction of an overall greater 

community response when aphid abundance is high was only supported for some predator 

families. My results indicate that syrphids and coccinellids were the most responsive to the 

outbreak year, which I attribute to the higher supply of food for both the adults and larvae of 

these two families.  
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Conclusions and management implications 

In my study, the natural enemy community responded numerically and may have had some 

impact on the soybean aphid population, but aphid colonization decreased aphid suppression. 

Landscapes with more diverse crops showed reduced aphid colonization and had higher aphid 

suppression. Therefore, crop diversity may act to slow pest colonization, and give predators time 

to respond numerically and build up their populations in response to growing pest populations, 

supporting a dilution effect predicted by the resource concentration hypothesis. Additionally, 

landscapes with higher edge density saw greater aphid suppression in a low aphid year, which is 

likely related to increased predator access to resources predicted by the landscape 

complementation hypothesis. Therefore, crop diversity and edge density may act as 

complementary mechanisms in suppressing pests in both outbreak and low aphid years. 

Crop diversity is a promising management strategy as it has been observed to lower the 

rate of insecticide use in California (Redlich et al. 2018, Larsen and Noack 2021, Nicholson and 

Williams 2021), and therefore may benefit biological control indirectly by reducing the harmful 

impacts of insecticides on natural enemy communities (Redlich et al. 2018). Furthermore, crop 

diversification does not require farmers to replace cropland with native vegetation to increase the 

diversity of the landscape, thereby allowing similar monetary returns. My results suggest that 

crop diversification is a potential avenue to more sustainable agriculture in the future, whereby 

farmers can collaborate with their neighbors to enhance diversity at the landscape scale. 
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Table 1. Difference in aphid and predator abundance in soybean between years. Mean ± the 

standard error of the mean (or median and range) total aphids and alate aphids from field plant 

counts (aphids/plant) and aphid predators captured in 2017 (n=12) and 2018 (n=11) across two 

weeks from sweep net sampling (# individuals/125 sweeps). ANOVA or Wilcoxon rank-sum 

tests were performed to test whether abundance differed between years (df=21). Significant 

differences between years are bolded. 

* Predators combined includes coccinellids, chrysopids, hemerobiids, anthocorids, and nabids.  

**Anthocorid and nabid nymphs were not quantified. 

  Mean ± std. error    

  2017 2018 Transformation F p 

Total aphids 406.07 ± 114.50 0.11 ± 0.077 log10+1 246.8 0.0001 

Alate aphids 6.78 ± 2.20 

0.0015 ± 

0.0015 Square root 39.26 0.0001 

      

Syrphid adults 66.17 ± 18.64 1.95 ± 0.85 log10+1 30.47 0.0001 

Predators 

combined 

adults* 22.33 ± 6.87 0.62 ± 2.53 log10+1 0.41 0.003 

Anthocorids 

adults** 15.42 ± 3.87 9.48 ± 2.46 Square root 11.71 0.52 

    Median & Range  

    2017 2018 p 

Coccinellid 

adults 15.58 ± 3.37 0.19 ± 0.088 8.75 (3.5-51) 0 (0-1) 0.0001 

Coccinellid 

larvae 44.79 ± 16.83 0 10.75 (0-253) 0 (0-0) 0.0002 

Chrysopid adults 0.58 ± 0.20 0.19 ± 0.11 0.5 (0-2.5) 0 (0-1) 0.13 

Chrysopid larvae 7.00 ± 2.11 0.048 ± 0.048 3.5 (0-28.5) 0 (0-1) 0.0002 

Hemerobiid 

adults 0.25 ± 0.11 0 0 (0-1) 0 (0-0) 0.045 

Hemerobiid 

larvae 0.125 ± 0.092 0 0 (0-1) 0 (0-0) 0.19 

Nabid adults** 4.75 ± 1.21 0.24 ± 0.12 3 (0.5-14) 0 (0-1) 0.0002 

Syrphid larvae 2.04 ± 1.24 0 0 (0-14) 0 (0-0) 0.021 
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Table 2. Difference in predator immigration into soybean between years. Mean ± the standard 

error of the mean (or median and range) predator immigration from Malaise traps 

(individuals/trap/day) in soybean across two weeks of sampling in 2017 (n=12) and 2018 (n=11). 

ANOVA or Wilcoxon rank-sum tests were performed to test whether immigration differed 

between years (df =21). Significant differences between years are bolded.  

 
Mean ± std. error 

   

 
2017 2018 Transformation F p 

Syrphids 93.55 ± 23.24 5.92 ± 1.91 log10 + 1 35.88 0.0001 

Predators 

combined* 1.67 ± 0.26 1.02 ± 0.20 log10 + 1 2.42 0.13 

Coccinellids 0.95 ± 0.18 0.42 ± 0.11 Square root 4.23 0.052 

Chrysopids 0.39 ± 0.092 0.40 ± 0.11 Square root 0.11 0.75 

Hemerobiids 0.16 ± 0.050 0.039 ± 0.017 Square root 4.61 0.044 

 

Median and Range 
 

2017 2018 p 

Anthocorids 0.076 ± 0.037 0.15 ± 0.099 0 (0-0.38) 0 (0-1.07) 0.67 

Nabids 0.095 ± 0.072 0.013 ± 0.010 0 (0-0.86) 0 (0-0.14) 0.42 

* Predators combined includes coccinellids, chrysopids, hemerobiids, anthocorids, and nabids. 
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Figure 1. Difference in soybean aphid abundance between predator exclusion and open to 

predation treatments in 2017 and 2018. Mean number of soybean aphids in the predator 

exclusion and open to predation treatments across all fields 14 days after placing 14 sentinel 

aphids on treatment plants in (a) 2017 per 2 potted plants that were manipulated (F1,22=0.10, 

p=0.76, n=12, log10+1 transformed) and in (b) 2018 per 1 field plant that was manipulated 

(F1,20=27.7, p<0.0001, n=11, log10+1 transformed). Significant (***) and non-significant (NS) 

differences between treatments are denoted.  

 

 

a)  b)  

NS 

*** 
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Figure 2. Association between aphids escaping control and the mean number of alate aphids 

(log10[alates/plant] +1) on field plants in 2017 (n=12 fields) during the first (y = 0.22x – 0.25, 

adjusted R2 = 0.56, p=0.0030) and second sampling week (y = 0.14x – 0.26, adjusted R2=0.27, 

p=0.047). Aphids escaping control was the log ratio of aphids in the open to aphids in the 

exclusion treatment from my predator suppression experiment. Week 1 and 2 represents 7 and 14 

days after placing sentinel aphids on my treatment plants, respectively.  
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Figure 3. Path model demonstrating the relationship between landscape diversity, field 

populations of soybean aphids (log10[aphids/plant] +1), predator immigration into soybean 

(√predators/trap), predator abundance in soybean (predators/125 sweeps), and aphids escaping 

control (log10 ratio of aphids in the open to aphids in the exclusion). Predators include adults 

from the families Anthocoridae, Chrysopidae, Coccinellidae, Hemerobiidae, and Nabidae. Field 

site was a random effect in the model to control for two sampling periods. Standardized 

estimates are presented with asterisks demarking the significance of each path (p<0.05*, 

p<0.01**, p<0.001***). Solid lines represent significant effects, dashed lines represent non-

significant effects, black lines represent positive effects and red negative effects, and the width of 

the lines indicate the strength of the standardized estimate (p<0.05). Marginal (R2
m) and 

conditional (R2
c) R-squared values are presented.  

Fisher’s C=8.92 (p=0.54) 

Crop diversity 

1.5 km 

Habitat diversity 

1 km 

-0.64* 

0.54 

- 0.59 

0.56 

Aphids escaping  

control  
R2
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R2
c= 0.47 

Predators  
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R2
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R2
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Figure 4. (a) Effect of crop diversity at 1.5 km on the field population of soybean aphids 

(log10[aphids/plant] +1) in 2017 and (b) edge density at 1.5 km (m/ha) on aphids escaping 

control (the log10 ratio of aphids in the open to aphids in the exclusion) in 2018. Partial residuals 

are plotted, and the shaded area represent 95% confidence intervals.  

 

 

 

 

 

a) b) 
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Figure 5. Effect of field populations of soybean aphids (log10[aphids/plant] +1) on aphids 

escaping control (log10 ratio of aphids in the open to aphids in the exclusion) (a), predator 

immigration (b), and predator abundance in soybean (predators/125 sweeps) (c), and the effect of 

predator immigration (√predators/trap) (d) on predator abundance in soybean. Partial residuals 

are plotted, and the shaded area represent 95% confidence intervals  

 

 

 

 

a) 

c) 

b) 

d) 
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PREFACE TO CHAPTER 4 

The following chapter will focus on the role of adjacent habitats in the movement of 

aphidophagous predators in soybean. In the previous chapter, I investigated how landscape 

impacts predator immigration into soybean. This chapter specifically uncovers the impact of two 

annual crops and a perennial crop and habitat that are common in Manitoban agricultural 

landscapes, on predator migration into and out of soybean. I will investigate the relative 

contribution of adjacent habitats, predator abundance in the adjacent habitat, and aphid density 

on predator immigration into soybean, and determine what aphidophagous predators have higher 

immigration than emigration into and out of soybean during an aphid outbreak.  

 

CHAPTER 4: THE ROLE OF ADJACENT HABITATS AND APHID ABUNDANCE ON 

PREDATOR MOVEMENT DURING AN APHID OUTBREAK 

Abstract 

Understanding how predators utilize different crops and natural habitats is crucial to improve the 

ecological services of pest control in agricultural landscapes. Different crops and habitats in 

agricultural landscapes provide predator populations with differing floral and prey resources, but 

their individual role has seldom been studied. My aim was to determine the role of adjacent 

habitats in determining predator abundance and movement, taking advantage of a naturally 

occurring pest outbreak. Here, I tease apart the role of adjacent habitats, predator abundance in 

the adjacent habitat, and aphid (Aphis glycines Matsumura) abundance in soybean (Glycines max 

(L.) Merr.) on predator immigration into soybean. I studied 12 soybean field sites adjacent to 

alfalfa (Medicago sativa L.), canola (Brassica napus L.), spring wheat (Triticum aestivum L.), or 

woody vegetation, during an aphid outbreak in 2017 in Manitoba. Bi-directional Malaise traps 

were used to quantify predator migration between soybean and adjacent habitats, sticky traps 

were placed in soybean and the adjacent habitat to quantify predator abundance, and field plant 

counts were conducted to quantify aphid abundance in soybean. I found Coccinellidae and 

Syrphidae were the two most abundant families collected from Malaise and sticky traps. 

Syrphids were dominated by two species, Eupeodes americanus and Toxomerus marginatus, and 

they exhibited different responses to adjacent habitat and aphid abundance in soybean. 

Coccinellids and E. americanus had net immigration in soybean and their immigration was in 
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response to aphid abundance. In contrast, T. marginatus and all other predators had similar 

immigration and emigration and were unaffected by aphid abundance. In general, adjacent crops 

played a greater role than perennial habitats in my system. Adjacent habitat type only affected E. 

americanus movement, but coccinellid abundance was highest in wheat and T. marginatus 

abundance was highest in canola. My study suggests spring wheat and canola are important 

contributors of E. americanus to soybean when aphids and flowers are in limited supply. 

Therefore, I conclude that the effect of adjacent habitats on predator movement to soybean fields 

is contingent on adjacent habitat type, predator abundance in adjacent fields and aphid 

abundance, and varies for the most abundant aphidophagous predators.   

Introduction 

Predators have two main resource requirements to survive and reproduce, food and shelter. Food 

resources include crop pests and alternative prey and non-prey items such as nectar and pollen, 

and shelter resources include sites that provide refuge during times of disturbance and for 

overwintering (Landis et al. 2000, Iuliano and Gratton 2020). Generalist predator assemblages 

have varying resource requirements and may require multiple resources throughout their life 

cycle (Lundgren 2009a, Schellhorn et al. 2015). Insects that are predaceous as both adults and 

larvae will have different resource requirements than those who are predaceous as larvae and 

anthophilous as adults, and therefore several habitats may be required to complete their life cycle 

(Schellhorn et al. 2015). Therefore, ease of movement between habitats may be crucial for 

obtaining the resources necessary for development.  

Habitats may be utilized by generalist predators at different times of the growing season. 

Perennial habitats such as semi-natural habitat or alfalfa may be important early season habitats 

for predators as they provide floral and prey resources before flowering and pest establishment in 

managed fields, whereas annual crops may provide mid and late season resources (Pons et al. 

2005). Natural enemies have been observed moving from native vegetation to adjacent crops 

early in the season (Macfadyen et al. 2015). Additionally, perennial habitats are thought to 

provide shelter during the growing season from pesticide applications and harvesting activities 

and at the end of the season for overwintering (Landis et al. 2000, Villegas et al. 2013, Heimoana 

et al. 2017). Therefore, adjacent habitats may be important in providing generalist predators with 

food and shelter resources during times of low prey availability and disturbance events, and be 
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important contributors of predators to control pest populations (Rand et al. 2006, Villegas et al. 

2013, Heimoana et al. 2017).  

Thus far, studies have mainly focused on the movement of natural enemies between 

managed land and semi-natural habitats (Tscharntke et al. 2005, Rand et al. 2006, Blitzer et al. 

2012, Frost et al. 2015, González et al. 2016). However, movement of natural enemies between 

other perennial habitats and annual crops in the landscape may be important for understanding 

the movement of natural enemies with changes in plant phenologies and the importance of 

shared edges during times of pest outbreaks, especially in landscapes dominated by crops 

(Macfadyen and Muller 2013, Schellhorn et al. 2014, Macfadyen et al. 2015, González et al. 

2016). Previous studies have demonstrated crop diversity in the surrounding landscape benefits 

natural enemy populations (Redlich et al. 2018, Sirami et al. 2019, Aguilera et al. 2020), and in 

Chapter 3, I demonstrate that crop diversity is associated with higher predator immigration, and 

has negative impacts on aphid abundance and indirect benefits to aphid suppression. Therefore, 

crops may play an important role in contributing predators to adjacent crops during pest 

outbreaks, however, few studies identify the contribution of adjacent crops and habitats to pest 

suppression.  

The main goals of this study were to gain a better understanding of predator movement in 

agroecosystems and to determine the role of adjacent habitats in predator movement during a 

pest outbreak. I compared aphidophagous predator movement between soybean (Glycines max 

(L.) Merr.) and four adjacent habitats that are common in Manitoban agricultural landscapes and 

may provide different resources for aphidophagous predators: two annual crops, canola (Brassica 

napus L.) and spring wheat (Triticum aestivum L.), a perennial crop, alfalfa (Medicago sativa 

L.), and a perennial habitat, woody vegetation. Specifically, I asked: 1) Do adjacent habitats 

affect predator migration into and out of soybean? 2) Does the role of adjacent habitats differ for 

predators that have anthophilous adults? and 3) Do other factors affect the immigration of 

predators in soybean? (i.e., specifically, a) predator abundance in adjacent habitats, and b) 

soybean aphid abundance). I expect canola will mostly provide pollen and nectar resources 

(Carruthers et al. 2017), and benefit more anthophilous predators (syrphids, chrysopids); wheat 

will provide aphids (Hafeez et al. 2021) and benefit more non-anthophilous predators 

(coccinellids, hemerobiids, anthocorids, nabids, etc.); alfalfa will provide aphids, pollen and 



 

53 

 

nectar (Lundgren 2009b, Ximenez-Embun et al. 2014) benefiting all aphidophagous predators, 

and woody vegetation will provide shelter and early season resources, but its benefit will be 

limited for predators at the time of my study (Macfadyen et al. 2015, Gurr et al. 2017). In 

addition, I expect predators that are aphidophagous throughout their life will have higher 

immigration into than emigration out of soybean and be mostly influenced by aphid abundance 

compared to anthophilous syrphid adults, who I expect will be mostly influenced by the adjacent 

habitat type and their abundance in the adjacent habitat.  

Materials and methods 

Site selection 

Twelve soybean field sites were selected in 2017 in Manitoba. Soybean fields were 

adjacent to either canola, spring wheat, alfalfa, or woody vegetation (Appendix II). During the 

time of sampling, soybean was between full bloom and the beginning pod stage (Appendix II), 

canola was in the late flowering and seed development stage, wheat was ripening, and alfalfa 

was starting to flower the first sampling. Woody vegetation included saskatoon (Amelanchier 

alnifolia (Nutt.) Nutt.) and chokecherry (Prunus virginiana L.) bushes, a grassy understorey, and 

the overstorey was dominated by deciduous trees, mainly white poplar (Populus spp.), oak 

(Quercus spp.), Manitoba maple (Acer negundo L.), and American elm (Ulmus americana L.). 

Insect sampling 

Double sided yellow sticky traps (18 x 14 cm; Alpha Scent, Inc., West Linn, OR) and bi-

directional Malaise traps (Townes style, 190 cm front height x 160 cm length x 110 cm back 

height; Sante Traps, Lexington, KY) were used to sample predator abundance and movement 

between habitats. Traps were set up the third week in July for a period of two weeks (removed 

first week of August) at the time soybean aphid populations were outbreaking, and insects were 

sampled weekly (n=2). Adults of the following predator families were identified: Anthocoridae, 

Chrysopidae, Coccinellidae, Hemerobiidae, Nabidae, Staphylinidae, and Syrphidae. Five sticky 

traps were placed 5 m apart, in soybean 15 m from the adjacent field border (n=5) and in the 

adjacent habitat 20 m from the soybean field border (n=5) parallel with the shared border. Traps 

were set at the height of the surrounding vegetation using bamboo stakes and twist ties. Upon 

collection, traps were wrapped in plastic and preserved in freezer conditions (-18°C) prior to and 

after identification (n=240). One bi-directional Malaise trap was placed at the field border 
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between soybean and its adjacent habitat, centered around sticky trap placement, to quantify 

insect migration (emigration and immigration) between soybean and its adjacent habitats and 

insect emigration out of and immigration into soybean was measured (n=48), following methods 

in Chapter 3. 

The following references were used to identify specimens from the Malaise and sticky 

trap samples: coccinellids (Gordon 1985, 1987) and chrysopids (Penny et al. 1997, Penny 2006, 

Garland and Kevan 2007) were identified to species in both sticky traps and Malaise trap 

samples. Hemerobiids were identified to species in Malaise traps but only to family in sticky 

traps due to difficulties distinguishing wing venation on the traps (Carpenter 1940, Klimaszewski 

and Kevan 1992, Penny et al. 1997). The most abundant syrphid species in Manitoba from 

Samaranayake and Costamagna (2019), Toxomerus marginatus (Say) was identified in both 

Malaise and sticky trap samples, and Eupeodes americanus (Wiedemann) and T. geminatus 

(Say) were identified to species in Malaise traps (Vockeroth 1992). Eupeodes americanus was 

not identified in sticky traps as identification by genitalia was not possible.  

Destructive plant counts were conducted to determine aphid abundance (Aphis glycines 

M.) in soybean on a weekly basis, in an area approximately 75 m x 75 m, near the sticky traps. A 

haphazard process was used to select plants, in which a flag was thrown in the soybean field and 

the nearest plant to the flag was chosen. Twenty plants were selected per field, unless plants had 

over 1,000 aphids/plant on average, then only 10 plants were selected (Johnson et al. 2009).  

Statistical analysis 

All statistical analyses were performed in R (R Core Team, 2019). Due to logistical 

reasons, two field sites were sampled after six days, and one site was sampled after eight days 

instead of seven during the second week of my study. Therefore, predator captures from bi-

directional Malaise traps and sticky traps were adjusted to seven days in these sites by dividing 

predator abundance by the number of days sampled and multiplying by 7. In addition, field plant 

counts were adjusted to seven days using the intrinsic rate of growth calculated from the 

exclusion treatment (equation 2) from the pest suppression experiment found in Chapter 3 

(equations 2 and 3). Field means ± standard errors are presented. 

 I divided my statistical modeling into three steps to account for the low level of 

replication of adjacent habitats at the landscape scale. First, linear mixed effect models were 
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constructed to test whether predator abundance in soybean differed as a function of adjacent 

habitat type (alfalfa, canola, woody vegetation, or spring wheat). Similar models were 

constructed to test whether predator abundance in the adjacent habitat differed as a function of 

habitat type. Models only included data from the second sampling week, as the first week had 

very low captures at most sites, and field site was included as a random effect to account for the 

five sticky traps per site (n=60). Response variables in both models included the number of 

syrphids, T. marginatus, coccinellids, and all other predators combined for predators in soybean 

and in the adjacent habitat from sticky traps. All other predators combined included summed 

predator counts from members from the families Anthocoridae, Nabidae, Chrysopidae, 

Hemerobiidae, and Staphylinidae, which had limited numbers of individuals captured. A one-

way ANOVA with field as a blocking factor was conducted to determine if the mean number of 

aphids/plant differed between the two sampling weeks.   

Second, factors affecting predator migration were investigated to determine whether 

predators had higher immigration into than emigration out of soybean and how adjacent habitats 

impact overall predator movement in soybean. I tested this by constructing three separate linear 

mixed effects models by sequentially adding explanatory variables: 1) migration direction, 2) 

migration direction and adjacent habitat type, and 3) the two previous factors and their 

interaction. Week was included as a fixed covariate and field site was a random factor in all 

models to account for the two directions of the trap and the two sampling weeks. Model selection 

using Akaike information criteria (AIC) was performed to select the best model fit with 

maximum likelihood estimation. The AIC was corrected for small sample sizes using the 

package ‘AICcmodavg’ (Mazerolle 2020). Models were selected if there was a significant 

improvement in model fit based on p-values from likelihood ratio tests using the anova function 

in R and an alpha level of 0.05. Selected models were then re-run using restricted maximum 

likelihood to achieve unbiased estimates of variance. Response variables included migration 

(individuals/direction/trap) of syrphids, T. marginatus, E. americanus, coccinellids, and all other 

predators combined.  

Finally, I performed a follow-up analysis from the predator migration model to better 

understand how adjacent habitats contribute predators to soybean during an aphid outbreak while 

considering factors that may affect their immigration. Thus, linear mixed effects models were 
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constructed to test how predator immigration into soybean is affected by adjacent habitat type, 

while controlling for predator abundance in the adjacent habitat (predators/5 sticky traps) and 

aphid abundance in soybean (mean # aphids/plant). Sticky traps were summed per field site prior 

to analysis to obtain higher counts since some sites had few predators captured (n=48). Eupeodes 

americanus was not identified in sticky trap samples, therefore, only field aphids and adjacent 

habitat type were included as predictors. Field site was included as a random factor in all models 

to account for the two sampling weeks. Response variables were the same as in the previous 

analysis but were focused on the immigration portion of migration (individuals/trap).  

All linear mixed effects models were constructed in the ‘nlme’ package (Pinheiro et al. 

2019), the ‘emmeans’ package was used for pairwise comparisons of adjacent habitat types using 

a post hoc Tukey test (Lenth 2021). Model residuals were plotted to visually check model 

assumptions of normality and homogeneity of variances. All predator variables were log10+1 

transformed (syrphids, coccinellids, all other predators combined, T. marginatus, and E. 

americanus), and aphid abundance were log10 transformed to meet model assumptions. 

Results 

Over the two sampling weeks, I observed on average 551.04 ± 145.09 aphids/plant from field 

plant counts, and aphid abundance was higher the second sampling week (833.25 ± 256.65) than 

the first (268.83 ± 87.61; F1,11=39.18, p<0.0001). Syrphids were the most abundant predator 

group in soybean with over 11,000 syrphids captured on sticky traps over the two sampling 

weeks (Table 3). The second most abundant group were coccinellids with over 400 individuals 

captured. Harmonia axyridis (Pallas) was the most abundant coccinellid, followed by Coccinella 

septempunctata L. and Hippodamia tredecimpunctata (L.), which were similarly abundant 

(Table 3). Anthocorids were the third most abundant family in soybean, followed by staphylinids 

and chrysopids, with Chrysoperla carnea (Stephens) being the main chrysopid collected. Only 

one hemerobiid, and no nabids were collected in soybean (Table 3).  

 Syrphids were the most abundant group collected from bi-directional Malaise traps, with 

over 31,000 syrphids moving into and out of soybean (Appendix XIII). Eupeodes americanus 

was the most abundant (60% of syrphids) followed by T. marginatus (33% of syrphids). The 

second and third most abundant families were staphylinids and coccinellids with 458 and 359 

migrants, respectively. Coccinella septempunctata (68%), H. tredecimpunctata (13%), and H. 
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axyridis (10%) were the most abundant coccinellids found moving into and out of soybean, and 

intermediate numbers of chrysopids (134) and hemerobiids (68) and low numbers of nabids (26) 

and anthocorids (21) were captured.   

 Across all adjacent habitats, syrphids were the most abundant group collected in sticky 

traps (Table 3). Syrphids appear to be more abundant in canola than alfalfa and woody 

vegetation, however, syrphid abundance was only marginally different across adjacent habitats 

(F3,8=3.73, p=0.061). Toxomerus marginatus abundance was affected by adjacent habitat 

(F3,8=10.77, p=0.0035), and was collected in canola more than alfalfa (p=0.018) or woody 

vegetation (p=0.0026). Coccinellid abundance was affected by adjacent habitat (F3,8=6.15, 

p=0.018), and beetles were collected in wheat more than alfalfa (p=0.049), woody vegetation 

(p=0.030), or canola (p=0.026). All other predators combined were unaffected by adjacent 

habitat (F3,8=2.28, p=0.16). In soybean, the abundance of syrphids (F3,8=1.78, p=0.23), T. 

marginatus (F3,8=1.02, p=0.43), coccinellids (F3,8=0.33, p=0.80), and all other predators 

combined (F3,8=0.15, p=0. 93) did not differ as a function of adjacent habitat type during the 

second sampling week. 

No significant interactions between adjacent habitat and migration direction were 

observed among all tested models (Appendix XIV, XV). The best migration model for syrphids, 

E. americanus, and coccinellids was the model with migration direction, week, and adjacent 

habitat, and for T. marginatus and all other predators combined was the model with migration 

direction and week (Appendix XIV). All predator groups tested had higher migration the second 

sampling week except for all predators combined (Table 4). I found immigration of syrphids, E. 

americanus, and coccinellids into soybean was higher than emigration out of soybean, and T. 

marginatus and all other predators combined were unaffected by migration direction (Table 4). 

Syrphid and E. americanus migration was affected by adjacent habitat type (Table 4), with 

migration lower in woody vegetation compared to wheat (Syrphid p=0.043, Figure 6a; E. 

americanus p=0.035, Figure 6b), and E. americanus migration lower in alfalfa (p=0.049; Figure 

6b) compared to wheat. By contrast, movement of T. marginatus was unaffected by adjacent 

habitat type (Table 4, Appendix XV). Coccinellid migration was marginally impacted by 

adjacent habitat Figure 6c) and migration of all other predator families combined was similar 

across migration directions (Table 4). 
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Syrphid immigration into soybean was positively associated with syrphid abundance in 

the adjacent habitat (Figure 7a), aphid abundance in soybean had no effect, and immigration 

among adjacent habitats differed (Table 5), however, there was not enough power to detect these 

differences using pairwise comparisons (Figure 7b). Eupeodes americanus immigration was 

affected by both the abundance of aphids in soybean (Figure 7c) and by the adjacent habitat 

(Table 5), with alfalfa (p=0.041) and woody vegetation (p=0.022) with lower immigration to 

soybean than wheat (Figure 7d). Toxomerus marginatus immigration was only affected by the 

number of T. marginatus in the adjacent habitat (Figure 7e). Coccinellid immigration was 

positively affected by aphid abundance (Figure 7f), however, adjacent habitat type and the 

number of coccinellids in the adjacent habitat had no effect on immigration (Table 5). All other 

predator families combined were unaffected by adjacent habitat, their abundance in the adjacent 

habitat, and aphid abundance in soybean (Table 5).  

Discussion  

Overall, I found that aphidophagous predators moving between soybean and adjacent habitats 

were dominated by syrphids, followed by coccinellids and then fewer individuals of other 

groups. I observed that adjacent habitat type affected the overall movement of syrphids, but only 

marginally affected coccinellids. In general, immigration to soybean was higher than emigration, 

but the factors affecting immigration varied among the main predator groups. This included 

positive effects of the number of syrphids in the adjacent habitat and wheat on syrphid 

immigration, and aphid abundance in soybean on syrphid and coccinellid immigration. 

Therefore, I demonstrate anthophilous syrphid adults were more affected by adjacent habitat type 

than predacious coccinellid adults, but contrary to my predictions, some species of syrphids were 

similarly moving to soybean in response to aphid abundance, suggesting some anthophilous 

adults are just as affected by aphid abundance as predators that consume aphids their entire life. 

In general, I demonstrate annual crops contribute to higher predator abundance and movement 

than perennial habitats.  

Coccinellids had higher immigration into than emigration out of soybean and 

immigration was only driven by aphid abundance, and higher levels of migration were observed 

during the second week of my study, coinciding with higher aphid abundance. Previous studies 

have shown that coccinellid immigration is positively associated with aphid abundance (Honěk 
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1980), and coccinellids aggregate in areas with high aphid densities (Woltz and Landis 2013, 

Schellhorn et al. 2014, Lundgren et al. 2017, Maisonhaute et al. 2017). Furthermore, 

Samaranayake and Costamagna (2019) observed coccinellids had higher immigration into than 

emigration out of soybean during a low aphid year in Manitoba. My study showed little evidence 

of effects of adjacent habitat type or coccinellid abundance in the adjacent habitat on coccinellid 

immigration, suggesting coccinellids may be moving from further distances to reach soybean 

infested fields. A series of mark-release-recapture experiments found coccinellids travel long 

distances for food when prey availability is low (van der Werf et al. 2000). Although coccinellids 

in my study were more abundant in wheat than alfalfa, canola, and woody vegetation their 

immigration was unaffected by adjacent habitat type. I expected wheat and alfalfa would 

contribute more coccinellids than canola and woody vegetation as I anticipated these habitats 

would provide aphids for coccinellids early in the season before aphid establishment in soybean 

(Ximenez-Embun et al. 2014, Hafeez et al. 2021), and higher coccinellid migration has been 

observed between soybean and wheat and alfalfa compared to canola and woody vegetation 

habitats during a low aphid year in soybean (Samaranayake and Costamagna 2019). The similar 

immigration and emigration observed between alfalfa and soybean and the lack of higher 

migration from alfalfa could indicate adequate numbers of aphids in alfalfa preventing 

coccinellid migration to soybean (van der Werf et al. 2000, Elliott et al. 2002, Schellhorn et al. 

2014). However, aphid abundance in alfalfa was not quantified in this study and therefore I could 

not test this hypothesis. In summary, my study provides further evidence that coccinellids are 

highly responsive to aphid densities and demonstrates that their positive response occurs 

regardless of the adjacent habitat type or their abundance in adjacent habitats, suggesting they 

may travel long distances in response to aphid outbreaks and are affected by habitats at larger 

spatial scales. 

In my study, the coccinellid community was primarily composed of two exotic and one 

native species. Although previous studies have demonstrated exotic coccinellids can disrupt and 

displace some native coccinellid species in agricultural landscapes (Gardiner et al. 2011, Bahlai 

et al. 2015, Lamb et al. 2019), I show that the native coccinellid C. tredecimpunctata is abundant 

and responding in high numbers to aphid density in soybean alongside exotic H. axyridis and C. 

septempunctata. Coccinella tredecimpunctata has been shown to be similarly unaffected by 

exotic coccinellids, however, this species was rarely observed in Michigan (Bahlai et al. 2015, 
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Lamb et al. 2019). In Manitoba, C. tredecimpunctata was the second most abundant coccinellid 

moving in soybean during a low aphid year (Samaranayake and Costamagna 2019). Therefore, I 

provide further evidence that C. tredecimpunctata remains unaffected by exotic coccinellids and 

can respond to aphid populations in soybeans in Manitoba.  

I found that not all syrphids respond in similar fashion to aphid density in soybean and 

are differentially impacted by the type of adjacent habitat, and their varied response to aphid 

density is likely why I see immigration than emigration of E. americanus and similar 

immigration and emigration of T. marginatus in soybean. In my study, E. americanus and T. 

marginatus comprised 92% of the syrphids collected, and the migration of syrphids was driven 

by captures of E. americanus, with E. americanus 1.8-fold more abundant than T. marginatus 

(Appendix XIII). Both species are anthophilous as adults and have aphidophagous larvae that 

feed on Aphis species, and have been observed attacking aphids in soybean (Kaiser et al. 2007, 

Noma and Brewer 2008, Eckberg et al. 2014, Skevington et al. 2019). In a low aphid year in 

soybean in Manitoba, T. marginatus made up 92% and 86% and E. americanus made up 0.1% 

and 2.7% of syrphid migration and immigration in soybean (Samaranayake and Costamagna 

2019; Chapter 3 Appendix XI). Both species were more abundant in the outbreak year, however, 

I show E. americanus increases its migration in soybean, and becomes more abundant than T. 

marginatus in an outbreak year, suggesting E. americanus is more responsive to aphid outbreaks 

than T. marginatus. 

In my study, E. americanus immigration was in response to both aphid abundance and 

adjacent habitat type. This species is common in North America and feeds on a variety of plant 

species (60 reported) and its larvae are generalist aphid predators (Tooker et al. 2006, Kaiser et 

al. 2007). Eupeodes americanus has been shown to respond numerically to woolly apple aphid, 

Eriosoma lanigerum (Haussman) (Gontijo et al. 2012) and balsam twig aphid, Mindarus 

abietinus Koch (Hemiptera: Aphididae) abundance (Berthiaume et al. 2016). Furthermore, E. 

americanus had higher migration the second sampling week, which coincided with higher aphid 

abundance and changes in plant phenology in the adjacent habitat. Although E. americanus was 

moving to soybean in response to aphid abundance, aphid honeydew has been shown to be an 

important oviposition queue for syrphids, and is often substituted for nectar when it is scarce 

(van Rijn et al. 2006, 2013, Wäckers et al. 2008, Rodríguez-Gasol et al. 2020). Therefore, E. 
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americanus may have been moving to soybean to oviposit, mate and/or to feed on aphid 

honeydew as canola was transitioning from the flowering to pod stage at the time of sampling.  

As expected, canola was one of the main crops contributing to E. americanus movement 

in soybean. I expected canola to contribute more syrphids to soybean as it provides increased 

area of floral resources (Pons et al. 2005, Haenke et al. 2009, 2014, Meyer et al. 2009). Haenke 

et al. (2014) observed syrphids to increase movement to adjacent semi-natural habitat after 

flowering in canola, suggesting syrphids move to adjacent habitats for food resources in response 

to changes in plant phenology. Since canola was in the late flowering stage/early pod stage, I 

expected syrphids to move to soybean for floral resources (Haenke et al. 2014). Additionally, E. 

americanus has been observed feeding on species of Medicago which includes alfalfa 

(Skevington et al. 2019) and may explain why E. americanus immigration was lower from 

alfalfa than wheat. Wheat was a major contributor of E. americanus and adults were likely 

moving to soybean to oviposit in response to aphid abundance (Haenke et al. 2009, 2014, Meyer 

et al. 2009). I hypothesize that wheat may have harboured aphids earlier in the season and been 

an oviposition site, and adult emergence had recently occurred since it was in the ripening stage 

and flowers were no longer present (Chambers and Adams 1986, Almohamad et al. 2009, 

Haenke et al. 2009). I expected few syrphids to move between woody vegetation and soybean 

since syrphids mainly use semi-natural habitat for feeding and oviposition during times of low 

floral resources and prey in crop fields, and for shelter and overwintering habitat (Meyer et al. 

2009, Haenke et al. 2014). Although I was unable to test the contribution of E. americanus in the 

adjacent habitat on its immigration to soybean, the impact of syrphid abundance in the adjacent 

habitat on overall syrphid immigration suggests there would be a positive association, since 

syrphid immigration is primarily composed of E. americanus individuals (Appendix XIII). In 

summary, my results suggest canola and wheat are the main contributors of E. americanus to 

soybean during aphid outbreaks, providing complementary resources to this abundant syrphid 

species. 

Toxomerus marginatus had similar immigration and emigration and the type of adjacent 

habitat had no impact on their migration. Similarly, immigration of T. marginatus was unaffected 

by aphid abundance and adjacent habitat type even though they were more abundant in canola 

than woody vegetation and alfalfa, and instead it was driven by the number of T. marginatus in 
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the adjacent habitat. This species is abundant and widespread in North America, and adults feed 

on a wide variety of plants (114 reported), but larvae feed on relatively few aphid species 

(Tooker et al. 2006, Eckberg et al. 2015, Samaranayake and Costamagna 2019). When T. 

marginatus was more abundant in the adjacent habitat, I saw passive diffusion of T. marginatus 

in soybean. The lack of response to aphid density was surprising, since their migration was 

higher the second sampling week and higher in a year when there were more aphids in soybean 

(Chapter 3 Appendix X, Samaranayake and Costamagna 2019). Toxomerus marginatus has 

shown peak emergence and abundance at the end of July early August in soybean in Minnesota 

(Eckberg et al. 2015) and syrphids are likely to oviposit in fields with high aphid densities 

(Almohamad et al. 2009, Eckberg et al. 2015). Therefore, T. marginatus moves in soybean in 

high numbers when its abundant in the adjacent habitat regardless of the adjacent habitat type or 

aphid abundance, and is moving similarly in both directions, which suggests T. marginatus may 

move to soybean to oviposit and/or mate and emigrates from soybean as it emerges from 

pupation and moves to other habitats to feed on nectar resources. 

Immigration of all other predator groups combined was not affected by adjacent habitat 

or aphid abundance, there was no difference between their immigration and emigration, and their 

abundance did not differ across adjacent habitats. Samaranayake and Costamagna (2019) also 

found anthocorids, hemerobiids, and nabids were unaffected by adjacent habitat type and had 

similar immigration into and emigration out of soybean, but they did find chrysopids moving 

from soybean to canola (Samaranayake and Costamagna 2019). Combining predator families 

into one grouping was done due to low capture rates, however, this is problematic because not all 

families included had the same feeding and oviposition strategies, and are thus differentially 

affected by habitat function, which has been shown to affect predator movement in a habitat 

(Duelli 1984, Bianchi et al. 2013, Schellhorn et al. 2014, Janković et al. 2017). However, I note 

that the densities of these other predator groups were 1.4-fold (Appendix XI) greater during this 

outbreak year than in previous low aphid years (Chapter 3, Samaranayake and Costamagna, 

2018), suggesting that the lack of response to adjacent habitats found in my study is not an 

artifact of low predator density. In summary, I observed that predators other than syrphids and 

coccinellids had low capture rates, moved interchangeably between soybean and its adjacent 

habitats and were unresponsive to aphid density in soybean.  
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The role of the adjacent habitats and factors affecting predator movement varied with 

predator group, including different responses by the two main syrphid species, making it difficult 

to generalize the role of the crops and habitats tested to all predators. Adjacent habitats only 

played a role in the movement of one aphidophagous predator, E. americanus, and it is 

anthophilous as an adult. However, aphidophagous predator abundance in some groups differed 

among adjacent habitat types. Annual crops (canola, wheat) tended to have and provide more 

predators than perennial habitats (alfalfa, woody vegetation), probably because they harbored 

more resources for aphidophagous predators at the time of the study than the perennial habitats. 

Coccinellids and E. americanus syrphids were the two main predator groups responding to aphid 

density, had higher immigration into than emigration out of soybean, and are likely the main 

groups contributing to soybean aphid suppression. Coccinellid abundance was highest in wheat, 

and E. americanus movement was highest from wheat and canola, therefore, planting wheat and 

canola adjacent to soybean likely allows for the timely arrival of these predators when aphid 

colonization is occurring. Future studies should investigate the contribution of predators from 

adjacent habitats to soybean prior to and during aphid colonization, as well as the role of other 

crops and habitats, to better understand the impact of the surrounding plant community and 

resource availability on predator movement and aphid biocontrol in soybean.  
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Table 3. Comparing predator abundance in soybean and across adjacent habitats. The average number of individuals captured per day 

in sticky traps (± the standard error, S.E.) in soybean (n=12), alfalfa (n=3), canola (n=3), spring wheat (n=3), and woody vegetation 

(n=3). In each field, counts of the five sticky traps were summed prior to averaging across weeks and fields (n=48). Different letters 

within a row denote differences among adjacent habitats (Tukey test; p<0.05). 

 

Soybean Alfalfa Canola 
Spring  

wheat 

Woody 

vegetation 

   Coccinellids 2.57 ± 0.61 0.43 ± 0.19 b 0.16 ± 0.064 b 1.50 ± 0.31 a 0.48 ± 0.41 b 

Coccinella septempunctata 0.64 ± 0.23 0.29 ± 0.14 0.071 ± 0.071 0.89 ± 0.22 0 

Harmonia axyridis 1.00 ± 0.31 0 0 0 0.071 ± 0.041 

Hippodamia variegata 0.22 ± 0.18 0 0 0.11 ± 0.11 0 

Hippodamia parenthesis 0.094 ± 0.069 0.024 ± 0.024 0 0.024 ± 0.024 0 

Hippodamia convergens 0.012 ± 0.0080 0 0 0 0 

Hippodamia tredecimpunctata 0.60 ± 0.16 0.048 ± 0.024 0.068 ± 0.0030 0.47 ± 0.087 0 

Coccinella trifasciata 0.012 ± 0.0080 0.048 ± 0.048 0 0 0 

Psyllobora vigintimaculata 0 0.024 ± 0.024 0 0 0.40 ± 0.40 

Coleomegilla maculata 0 0 0.024 ± 0.024 0 0 

   Syrphids 80.4 ± 17.0 8.45 ± 0.78 a 87.4 ± 13.1 a 48.2 ± 20.5 a 23.0 ± 20.3 a 

Toxomerus marginatus 11.5 ± 3.61 1.40 ± 0.72 b 10.7 ± 1.24 a 3.22 ± 1.92 ab 0.30 ± 0.044 b 
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Soybean Alfalfa Canola 
Spring  

wheat 

Woody 

vegetation 

   All other predators combined* 2.45 ± 0.54 0.93 ± 0.41 a 1.34 ± 0.39 a 1.45 ± 0.78 a 0.64 ± 0.30 a 

   Chrysopids 0.23 ± 0.070 0.071 ± 0.00 0.024 ± 0.024 0.095 ± 0.063 0.12 ± 0.086 

Chrysoperla carnea 0.19 ± 0.064 0.048 ± 0.024 0.024 ± 0.024 0.095 ± 0.063 0 

Chrysopa oculata 0.030 ± 0.014 0.024 ± 0.024 0 0 0 

Chrysopa chi 0.0060 ± 0.0060 0 0 0 0.095 ± 0.095 

   Hemerobiids 0.0060 ± 0.0060 0 0 0.024 ± 0.024 0 

   Anthocorids 1.69 ± 0.55 0.36 ± 0.16 0.41 ± 0.28 0.91 ± 0.74 0.024 ± 0.024 

   Nabids 0 0.024 ± 0.024 0 0 0 

   Staphylinids 0.52 ± 0.061 0.48 ± 0.23 0.91 ± 0.089 0.42 ± 0.043 0.50 ± 0.36 
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Table 4. The effect of migration direction (immigration into or emigration out of soybean; df=1,34), week (1 or 2; df=1,34), and 

adjacent habitat (alfalfa, canola, spring wheat, woody vegetation; df=3,8) on predator migration (log10[individuals/direction/trap] +1) 

collected by bi-directional Malaise traps from linear mixed effects models. Estimates of fixed effects parameters (Est.) are presented. 

 

*Other predators combined includes chrysopids, hemerobiids, nabids, anthocorids, and staphylinids.

 Syrphids 
Toxomerus  

marginatus 

Eupeodes  

americanus 
Coccinellids 

All other  

predators 

combined* 

 Est. F p Est. F p Est. F p Est. F p Est. F p 

Direction 0.19 4.28 0.046 0.024 0.043 0.84 0.32 9.62 0.0039 0.21 7.45 0.01 0.06 0.45 0.51 

Week 0.44 22.04 0.0001 0.85 52.74 0.0001 0.34 11.05 0.0021 0.35 20.47 0.0001 0.14 2.4 0.13 

Adjacent 

habitat  5.72 0.022     5.66 0.022  3.91 0.055    
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Figure 6. Effects of adjacent habitat type (canola, spring wheat, alfalfa, and woody vegetation) 

on predator migration (log10 [individuals/direction/trap] +1) which includes both emigration out 

of and immigration into soybean, across two weeks collected in bi-directional Malaise traps, for 

syrphids (a), Eupeodes americanus (b), and coccinellids (c). Different letters denote significant 

differences between adjacent habitat types (Tukey test; p<0.05), see Table 4 for model statistics. 

c) 

b) 

a) 
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Figure 7. Factors affecting immigration of predators into soybean (log10 [individuals/trap] +1) 

across two weeks collected in bi-directional Malaise traps. a) Effects of number of syrphids in 

adjacent habitats and b) adjacent habitat types on syrphid immigration; c) effects of number of 

aphids in soybean and d) adjacent habitat types on Eupeodes americanus immigration; e) effects 

of number of Toxomerus marginatus in adjacent habitats on T. marginatus immigration; and f) 

effects of number of aphids in soybean on coccinellid immigration. Adjacent habitat abundance 

was estimated using sticky traps (log10 [#/5 sticky traps] +1) and aphid abundance was estimated 

by plant counts (log10 [mean # aphids/plant]). Partial residuals are presented. Different letters 

denote significant differences between adjacent habitat types (Tukey test; p<0.05), see Table 5 

for full model statistics. 

a) 

c) 

b) 

d) 

f) e) 
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Table 5. The effect of the field population of aphids in soybean (log10 [mean # aphids/plant]; df=1,10), predator abundance in the 

adjacent habitat from sticky traps (log10 [#/5 sticky traps] + 1); df=1,10 except E. americanus df=1,11), and adjacent habitat type 

(alfalfa, canola, spring wheat, or woody vegetation; df=3,8) on predator immigration from linear mixed effects models. Number in the 

adjacent habitat refers to the response group’s abundance. Estimates of fixed effects parameters (Est.) are presented.  

 

Syrphids 
Toxomerus 

marginatus 

Eupeodes 

americanus 
Coccinellids 

All other 

predators 

combined* 

 Est.  F p Est.  F p Est.  F p Est.  F p Est.  F p 

Aphids 0.66  3.83 0.079 0.83  0.62 0.45 1.14  9.8 0.010 0.94  6.6 0.028 0.57  3.91 0.076 

Adjacent 

habitat 

abundance 0.57  7.84 0.019 1.02  10.22 0.010 - - - 0.47  1.8 0.21 0.34  0.65 0.44 

Adjacent 

habitat type  4.31 0.044  0.68 0.59  6.7 0.014  3.7 0.062  2.02 0.19 

*Other predators combined includes chrysopids, hemerobiids, nabids, anthocorids, and staphylinids.
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CHAPTER 5: GENERAL DISCUSSION  

The structure of the surrounding landscape has been shown to impact natural enemy abundance 

and pest suppression in a variety of different crops around the world (Bianchi et al. 2006, 

Chaplin-Kramer et al. 2011, Karp et al. 2018). Most studies focus on top-down effects of 

landscape on natural enemy communities and pest control but a few also consider the bottom-up 

effects of landscape on pest abundance that may contribute to control (Noma et al. 2010, Liere et 

al. 2015). Therefore, the primary goal of this thesis was to investigate how the surrounding 

landscape impacts aphid control, through its direct effect on aphid abundance and predator 

immigration into soybean (Chapter 3). Few studies measure predator movement in 

agroecosystems and how certain habitats may differentially contribute predators for pest control 

(Macfadyen and Muller 2013, Macfadyen et al. 2015, González et al. 2016, Samaranayake and 

Costamagna 2019). Therefore, the second goal of my thesis was to compare predator abundance 

in habitats adjacent to soybean and determine how these habitats affect predator migration in 

soybean during an aphid outbreak (Chapter 4). Although Samaranayake and Costamagna (2019) 

have quantified the movement of natural enemies in soybean during a low aphid year, this study 

provides further knowledge on how habitats adjacent to soybean contribute predators during an 

aphid outbreak. This thesis demonstrates the importance of the surrounding plant community on 

predator-aphid dynamics in soybean.  

In Chapter 3 of this thesis, I demonstrate the benefits of crop diversity on aphid 

suppression through bottom-up effects by reducing aphid colonization in soybean. Although not 

observed in this study, crop diversity can also benefit top-down control by increasing the 

diversity of resources in time and space that natural enemy populations require for feeding, 

reproduction, and shelter at different times of the growing season, and would promote natural 

enemy movement between crops in the landscape (Schellhorn et al. 2015, Bertrand et al. 2016, 

Gurr et al. 2017, Aguilera et al. 2020). Synchronized annual crops may only provide resources at 

certain times of the growing season, therefore resource bottlenecks and/or interruptions are 

highly likely in managed systems (Schellhorn et al. 2015). Mobile predators are negatively 

impacted by ephemeral resources and lack of resource continuity (Schellhorn et al. 2015). 

Therefore, providing patches of non-overlapping resources (such as temporal differences in plant 

phenologies and/or specialist prey in the crop, adjacent vegetation, or landscape) can provide 

natural enemies with a constant source of food which can help to reduce pest outbreaks by 
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promoting the timely arrival and adequate supply of natural enemies (Schellhorn et al. 2014, 

2015, Iuliano and Gratton 2020). This would dilute the target host crop and increase the density 

of edges in the landscape, which we show benefits aphid suppression by increasing landscape 

complementation in low aphid years.  

In chapter 4, I show aphidophagous predators that are anthophilous as adults are more 

affected by the type of adjacent habitat than predaceous adults. The anthophilous syrphid 

Eupeodes americanus was observed moving more between soybean and wheat and canola, and 

coccinellids were more abundant in wheat than alfalfa, canola, or woody vegetation. Both these 

groups were highly responsive to aphid density and are likely the main predators of soybean 

aphids in Manitoba. My results suggest planting wheat and canola adjacent to soybean at the 

farm-scale provides anthophilous predators with floral and aphid resources and promotes 

movement to soybean during an aphid outbreak, while increasing crop diversity at the landscape 

scale. Although these are the main crops grown in Manitoba, these results can extend to other 

agroecosystems. Producers can plant flowering crops near crops that are known to harbour 

aphids and consider planting crops that provide these resources at different times of the growing 

season. This would prevent resource bottlenecks and provide food for both adults and larvae in 

the landscape while promoting movement to adjacent habitats during pest outbreaks. Therefore, 

implementing crop diversity at the landscape scale can increase conservation biological control 

and decrease our reliance on insecticides through bottom-up control by reducing suitable host 

crop for specialist pests, and top-down control by increasing the continuity of resources in the 

landscape for natural enemy populations (Redlich et al. 2018, Sirami et al. 2019, Thomine et al. 

2022). 

Future direction 

Future studies should sample all adjacent habitats surrounding the focal soybean field to better 

disentangle the local- vs. landscape scale effects impacting predator movement in soybean. 

Sampling predator movement before, during, and after aphid establishment in soybean would 

provide us with a greater understanding of how adjacent habitats contribute predators and 

become source vs sink habitats at different times of the growing season. Furthermore, sampling 

adjacent habitats for pest abundance and percent floral cover would provide us with information 

on how these habitats provide resources for aphidophagous predators at different times of the 
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growing season. Since sticky traps were only effective at capturing aphids in flight or blown in 

the wind, adjacent habitats should be sampled for pest populations by quadrat sampling or some 

other method that would allow for consistent sampling across habitats that contain differing plant 

community structures. To better understand their use of soybean during outbreak and non-

outbreak years, future studies should observe whether E. americanus and T. marginatus are 

directly feeding on flowers and aphid honeydew in soybeans.  
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Appendix I. Location of soybean field sites across Manitoba sampled in 2017 (12) and 2018 

(11), produced in Arc GIS 10.2.2. 
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Appendix II. Field locale, the latitude and longitude of each soybean field site, field size in hectares (ha), the adjacent habitat where 

bi-directional Malaise traps were placed, and the vegetative (V) and reproductive (R) stage of soybean from field plant counts (n=20) 

in 2017 and 2018. For growth stages with NA’s, plant counts were not conducted in these fields. Woody vegetation included 

saskatoon (Amelanchier alnifolia (Nutt.) Nutt.) and chokecherry (Prunus virginiana L.) bushes, a grassy understorey, and an 

overstorey dominated by deciduous trees, mainly poplar (Populus spp.), oak (Quercus spp.), Manitoba maple (Acer negundo L.), and 

American elm (Ulmus americana L.). 

 

Year 
Field 

name 
Locality Latitude Longitude 

Field 

size 

(ha) 

Adjacent habitat 

Median soybean growth 

stage 

Week 0 Week 1 Week 2 

2017 bar7 Gimli 50°34'01.9"N 97°00'32.7"W 32.6 Woody vegetation* V6, R2 V8, R2 
V7, 

R2.5 

2017 col7 Thalberg 50°22'13.4"N 96°27'04.4"W 30.2 Alfalfa V7, R2 V8, R2 V9, R3 

2017 cra7 Morris 49°20'57.1"N 97°25'56.4"W 42.6 Canola NA 
V10, 

R3 
V10, R4 

2017 dea7 Oakville 49°54'15.3"N 98°00'01.9"W 91.6 Spring wheat NA V7, R3 V9, R2 

2017 den7 Emerson 49°01'45.3"N 97°05'01.4"W 109.8 Woody vegetation* V6, R2 V9, R3 V10, R3 

2017 gle7 Dencross 50°16'15.8"N 96°28'14.9"W 24.2 Alfalfa V6, R3 
V7.5, 

R2 
V9, R3 

2017 mar7 Beausejour 50°00'13.5"N 96°25'08.8"W 14.3 Woody vegetation* V7, R3 
V10, 

R2 
V10, R3 

2017 mik7 Arnaud 49°15'23.5"N 97°07'37.4"W 126 Spring wheat V5, R1 V9, R3 V9, R3 

2017 par7 Carman 49°34'13.3"N 98°01'05.4"W 77.5 Spring wheat NA V8, R2 V9, R3 

2017 pen7 Elm Creek 49°38'46.8"N 97°54'30.4"W 185.2 Canola NA V9, R3 V9, R2 

2017 ran7 Winkler 49°10'02.4"N 97°54'39.3"W 19.2 Canola V7, R3 V9, R5 
V8.5, 

R5 

2017 ste7 Oakville 49°52'31.0"N 98°02'45.3"W 117.2 Alfalfa NA V8, R3 V9, R2 
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Year 
Field 

name 
Locality Latitude Longitude 

Field 

size 

(ha) 

Adjacent habitat 

Median soybean growth 

stage 

Week 0 Week 1 Week 2 

2018 and8 Steinbach 49°33'50.7"N 96°42'59.8"W 70.8 Canola V8, R4 V9, R5 V10, R5 

2018 cur8 
New 

Bothwell 
49°36'08.1"N 96°57'45.9"W 63.3 Shelterbelt/corn V9, R3 

V11, 

R5 
V12, R4 

2018 gil8 Morris 49°13'56.9"N 97°22'31.4"W 95.9 Canola V9, R4 V9, R5 V10, R5 

2018 jon8 Ladywood 50°11'19.6"N 96°23'10.9"W 153.8 Alfalfa/mixed prairie V9, R3 
V8.5, 

R5 
V12, R4 

2018 ken8.1 
Grand 

Point 
49°44'09.8"N 96°59'52.3"W 104.5 Alfalfa V8, R4 V9, R5 NA 

2018 ken8.2 
St. 

Adolphe 
49°42'00.3"N 97°04'53.2"W 110.7 Woody vegetation* 

V8.5, 

R4 
V9, R5 V10, R5 

2018 kri8.1 Warren 50°06'01.7"N 97°49'56.1"W 126.1 Canola V8, R3 V9, R5 V9, R4 

2018 kri8.2 Warren 50°08'03.6"N 97°45'08.1"W 61.2 
Spring wheat undersown 

with alfalfa 
V9, R4 V9, R5 V10, R4 

2018 mar8 Kleefeld 49°29'09.4"N 96°51'59.6"W 42.1 Woody vegetation* V9, R4 
V10, 

R5 
V10, R5 

2018 ray8.1 
La 

Broquerie 
49°32'10.8"N 96°30'47.1"W 10.3 

Woody vegetation 

(riparian)* 
V8, R3 

V10, 

R4.5 

V11.5, 

R4 

2018 ray8.2 Giroux 49°34'37.1"N 96°31'59.1"W 41.6 Alfalfa 
V10, 

R2 

V10, 

R4.5 
V12, R4 
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Appendix III. Pest suppression experimental set up in 2017 (top) and 2018 (bottom), including 

placement of the bi-directional Malaise trap relative to the open to predation and predator 

exclusion treatments. 
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Appendix IV. Land cover categories and their area. Total area in hectares, and the mean, 

minimum, and maximum percent area of each land-cover type 2 km surrounding the focal 

soybean field, from 23 agricultural landscapes sampled in 2017 and 2018.  

Major land cover 

categories 

Diversity land 

cover categories 

Mean 

total area 

(ha) 

% Area 

Mean Min Max 

Soybean Soybean 297.35 25.72 3.31 66.88 

Cereals 

Total cereals 228.55 24.75 0 42.07 

Wheat (spring and 

winter wheat) 
193.45 16.71 1.59 42.07 

Oats 31.13 4.61 0 23.09 

Oats/wheat 4.17 4.17 0 4.17 

Wheat/alfalfa 2.68 2.68 0 2.68 

Barley 1.09 0.55 0 0.98 

Canola Canola 127.97 13.49 0 18.65 

Corn Corn 108.03 11.11 0 25.30 

Woodland Woodland 105.26 9.19 0 27.98 

Alfalfa Alfalfa 69.32 10.18 0 29.79 

Grass (border grass, 

ditch, grassland, 

hay) 

Grass (border grass, 

ditch, grassland, 

hay) 

68.03 5.92 1.37 14.94 

Urban (airport, town 

area, buildings, 

farmhouses, roads, 

train tracks) 

Urban (airport, town 

area, buildings, 

farmhouses, roads, 

train tracks) 

67.61 5.92 1.06 29.09 

Field beans Field beans 42.30 14.10 0 15.52 

Pasture Pasture 33.23 3.53 0 14.05 

Water Water 6.18 0.71 0 2.85 

Sewage Sewage 5.23 1.74 0 3.28 

Sunflower Sunflower 4.77 4.77 0 4.77 

Hemp Hemp 4.46 4.46 0 4.46 

Shrubland Shrubland 4.25 2.13 0 2.85 

Marsh Marsh 3.88 1.94 0 3.50 

Bare ground Bare ground 3.28 1.10 0 3.15 

Unknown Unknown 1.16 0.39 0 1.20 

Fallow Fallow 0.57 0.57 0 0.57 

Pumpkin Pumpkin 0.36 0.36 0 0.36 

 



 

78 

 

Appendix V. Spearman rank correlations with predator immigration (pred.mt_im 

[individuals/Malaise trap]) and field aphids (f.aphid [aphids/plant]) from sampling week 1 to 

determine landscape variables to include in the dredge function. Crop perimeter-to-area ratio 

(cr_par), crop diversity (crop_div), habitat diversity (shan), % total crop (tot_crop), % semi-

natural habitat (semi_nat), % woodland, % soybean (sb), % canola (can), % cereal, edge density 

(ed), soybean field size in hectares (sb_fieldsz_2000_ha), and habitat diversity with all crops 

combined (hab_div_1000_cc and hab_div_1500_cc), at 500, 1000, 1500, or 2000 m radii. 

Variables that had a correlation >0.35 with my response variable (predator immigration and field 

aphids) were included in initial models using the dredge function. 
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Appendix VI. Spearman rank correlations with predator immigration (pred.mt_im 

[individuals/Malaise trap]) and field aphids (f.aphid [aphids/plant]) from sampling week 2 to 

determine landscape variables to include in the dredge function. Crop perimeter-to-area ratio 

(cr_par), crop diversity (crop_div), habitat diversity (shan), % total crop (tot_crop), % semi-

natural habitat (semi_nat), % woodland, % soybean (sb), % canola (can), % cereal, edge density 

(ed), soybean field size in hectares (sb_fieldsz_2000_ha), and habitat diversity with all crops 

combined (hab_div_1000_cc and hab_div_1500_cc), at 500, 1000, 1500, or 2000 m radii. 

Variables that had a correlation >0.35 with my response variable (predator immigration and field 

aphids) were included in initial models using the dredge function. 
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Appendix VII. Model selection for landscape effects on field populations of aphids (log10 

[aphids/plant] +1) and predator immigration (√individuals/trap) into soybean. Models from the 

dredge function were subset by a delta AICc<2. Estimates (beta coefficients) are presented for 

each landscape variable that is present in the retained models. Landscape variables retained from 

the dredge function included habitat diversity at 1000 m and crop diversity at 1500 m radii for 

both field aphids and predator immigration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           Landscape variables 

Response 

variables 
logLik AICc delta weight 

 habitat 

diversity 

1000 m 

crop 

diversity 

1500 m 

Field aphids  
-18.587 50.5 0 0.443  1.43 -2.279  

-21.091 52.3 1.78 0.182   -1.209 

          
Field  

aphids  

habitat 

diversity 

1000 m 

crop 

diversity 

1500 m 
 
 

Predator 

immigration 
-39.683 96.3 0 0.397 2.475 -4.299 5.456  
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Appendix VIII. Spearman rank correlations between landscape variables and aphids escaping 

control (e.o ratio [log10 aphids open/aphids excluded from predation]) from sampling week 2. 

Crop perimeter-to-area ratio (cr_par), crop diversity (crop_div), habitat diversity (shan), % total 

crop (tot_crop), % semi-natural habitat (semi_nat), % woodland, % soybean (sb), % canola 

(can), % cereal, edge density (ed), soybean field size in hectares (sb_fieldsz_2000_ha), and 

habitat diversity with all crops combined (hab_div_1000_cc and hab_div_1500_cc), at 500, 

1000, 1500, or 2000 m radii. Variables that had a correlation >0.35 with my response variable 

(aphids escaping control) were tested for significance with linear mixed effects models.  
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Appendix IX. Average number of soybean aphids per plant from field plant counts (n=20) during 

the second sampling week in 2017 (n=12 fields).  
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Appendix X. Average number of predators captured in soybean by sweep net sampling across 

two weeks in 2017 (12 fields) and 2018 (11 fields).  

Order: Family Species Mean # individuals 

  2017 2018 

Coleoptera:   
  

Coccinellidae Adults 15.58 0.19 

  Larvae 44.79 0 

  Pupae 0.042 0 

  Coccinella septempunctata Linnaeus, 1758 12.67 0 

  Harmonia axyridis (Pallas, 1773) 1.04 0.19 

  Hippodamia tredecimpunctata (Linnaeus, 1758) 1 0 

  Hippodamia variegata (Goeze, 1777) 0.33 0 

  Coccinella trifasciata perplexa Linnaeus, 1758 0.25 0 

  Hippodamia parenthesis (Say, 1824) 0.17 0 

Carabidae   0.083 0.048 

Staphylinidae   0.33 0.048 

Diptera:      

Syrphidae Adults 66.17 1.95 

  Larvae 2.04 0 

  Toxomerus marginatus (Say, 1823) 30.33 0.14 

Hemiptera:   
  

Anthocoridae Adults 15.42 9.48 

  Nymphs 0 0.52 

Nabidae Adults 4.75 0.24 

  Nymphs 0 0.095 

Neuroptera:     

Chrysopidae Adults 1.83 0.19 

  Larvae 7 0.048 

  Chrysoperla spp. 1.21 0.19 

  Chrysopa oculata Say, 1839 0.46 0 

  Chrysopa chi Fitch, 1855 0.083 0 

  Chrysopa quadripunctata Burmeister, 1839 0.042 0 

  Unidentified Chrysopidae 0.042 0 

Hemerobiidae Adults 0.167 0 

  Larvae 0.125 0 

  Micromus subanticus (Walker, 1853) 0.083 0 

  Micromus angulatus (Stephens, 1836) 0.125 0 
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Appendix XI. Immigration of predators into soybean over two weeks and the mean number of 

predator immigration/trap/day averaged over two weeks and from 12 fields in 2017 and 11 fields 

in 2018.  

 

Order: 

Family  Species 
Total captured Mean #/trap/day 

  2017 2018 2017 2018 

Coleoptera:       

Coccinellidae  157 65 0.95 0.42 

  
Coccinella septempunctata 

Linnaeus, 1758 
116 20 0.7 0.13 

  
Harmonia axyridis 

(Pallas, 1773) 
15 29 0.09 0.19 

  

Hippodamia 

tredecimpunctata 

(Linnaeus, 1758) 

14 8 0.08 0.052 

  
Hippodamia convergens 

Guerin, 1842 
5 0 0.034 0 

  

Coccinella trifasciata 

perplexa 

Linnaeus, 1758 

4 1 0.024 0.006 

  
Hippodamia parenthesis 

(Say, 1824) 
3 0 0.018 0 

Carabidae  46 77 0.28 0.50 

Staphylinidae   260 140 1.46 0.91 

Diptera:      

Syrphidae  15,756 912 93.5 5.92 

  

Eupeodes americanus  

(Wiedemann, 1830) 
10,074 25 60.5 0.16 

  

Toxomerus marginatus 

(Say, 1823) 
4,497 783 25.99 5.08 

  

Toxomerus geminatus 

(Say, 1823) 
12 29 0.72 0.19 

Hemiptera:       

Anthocoridae Anthocorid adults  13 23 0.076 0.15 

Nabidae Nabid adults 16 2 0.095 0.013 

Neuroptera:       

Chrysopidae  65 62 0.387 0.403 

  Chrysoperla spp. 47 39 0.28 0.25 

  Chrysopa spp.  16 23 0.096 0.15 

  

Meleoma emuncta 

(Fitch, 1855) 
2 0 0.012 0 

Hemerobiidae  27 6 0.16 0.039 
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Appendix XII. Average number of alate aphids in the open to predation and predator exclusion 

treatments (n=114) during the second sampling week (n=12 fields). 
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Appendix XIII. Average predator immigration, emigration, and migration (average immigration 

+ emigration) per day, and the total number of individuals captured moving in soybean in 2017 

(n=12 fields). Averaged values were averaged across weeks prior to averaging across field sites. 

Family 

Species 
Immigration Emigration Migration 

Total 

captured 

Coccinellidae 1.49 0.74 2.23 359 

Coccinella septempunctata Linnaeus, 

1758  
0.96 0.52 1.48 243 

Harmonia axyridis (Pallas, 1773) 0.12 0.084 0.20 35 

Hippodamia variegata (Goeze, 1777) 0.0052 0 0.0052 1 

Hippodamia parenthesis (Say, 1824) 0.032 0.018 0.05 8 

Hippodamia convergens Guerin, 1842 0.14 0.034 0.17 28 

Hippodamia tredecimpunctata 

(Linnaeus, 1758) 
0.2 0.071 0.27 45 

Coccinella trifasciata perplexa 

Linnaeus, 1758 
0.018 0.012 0.03 5 

Brachiancantha ursina (Fabricius, 

1787) 
0.007 0 0.007 1 

Adula bipunctata (Linnaeus, 1758) 0 0.006 0.006 1 

Staphylinidae 0.98 1.68 2.66 458 

Syrphidae 108.92 75.43 184.35 31,174 

Toxomerus marginatus (Say, 1823) 29.38 30.23 59.61 10,231 

Toxomerus geminatus (Say, 1823) 1.03 0.58 1.61 270 

Eupeodes americanus (Wiedemann, 

1830) 
71.28 40.56 111.84 18,584 

Chrysopidae 0.4 0.42 0.82 134 

Chrysoperla carnea (Stephens, 1836) 0.24 0.28 0.52 87 

Chrysopa oculate Say, 1839 0.13 0.12 0.25 42 

Chrysopa chi Fitch, 1855 0.006 0 0.006 1 

Chrysopa quadripunctata Burmeister, 

1839 
0 0.006 0.006 1 

Meleoma emuncta (Fitch, 1855) 0.006 0.0012 0.007 3 

Hemerobiidae 0.24 0.14 0.38 68 

Hemerobius stigma Stephens, 1836 0.15 0.077 0.23 39 

Hemerobius simulans Walker, 1953 0 0.0052 0.0052 1 

Micromus angulatus (Stephens, 1836) 0.03 0.024 0.054 9 

Micromus subanticus (Walker, 1853) 0.055 0.031 0.086 14 

Sympherobius amiculus (Fitch, 1855) 0.0052 0.0052 0.010 2 

Anthocoridae 0.025 0.1 0.13 21 

Nabidae 0.12 0.036 0.16 26 
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Appendix XIV. Effects of migration direction (immigration or emigration), adjacent habitat type 

(alfalfa, canola, spring wheat, woody vegetation), and week (1 or 2) on predator migration in 

soybean from a linear mixed effects model (n=48). Number of parameters (k), corrected 

Akaike’s information criterion (AICc), Akaike’s weights (wi), log-likelihood (Log-lik), ratio of 

log-likelihood tests (L ratio), and the significance of the models compared (p-value) are 

presented. Models in bold were selected as the best model by AIC and log-likelihood tests.  

Statistical model 
k AICc wi Log-lik Models 

compared 

L ratio p 

Syrphids        

1) direction + week  5 62.84 0.06 -25.71    

2) direction + adjacent 

 + week 
8 57.36 0.91 -18.83 1 vs 2 13.75 0.0033 

3) direction x adjacent  

+ direction + adjacent  

+ week 

11 64.15 0.03 -17.41 2 vs 3 2.84 0.42 

Toxomerus marginatus        

1) direction + week  5 79.92 0.76 -34.24    

2) direction + adjacent + week 8 82.29 0.23 -31.3 1 vs 2 5.89 0.12 

3) direction x adjacent  

+ direction + adjacent  

+ week 

11 89.39 0.01 -30.03 2 vs 3 2.54 0.47 

Eupeodes americanus        

1) direction + week  5 76.15 0.06 -32.36    

2) direction + adjacent + 

week 
8 70.75 0.9 -25.53 1 vs 2 13.67 0.0034 

3) direction x adjacent  

+ direction + adjacent  

+ week 

11 77.16 0.04 -23.91 2 vs 3 3.23 0.36 

Coccinellids        

1) direction + week  5 40.27 0.21 -14.42    

2) direction + adjacent + 

week 
8 37.7 0.76 -9.01 1 vs 2 10.82 0.0127 

3) direction x adjacent  

+ direction + adjacent  

+ week 

11 44.36 0.03 -7.51 2 vs 3 2.99 0.39 

All other predators combined*        

1) direction + week  5 41.12 0.82 -14.84    

2) direction + adjacent + week 8 44.65 0.14 -12.48 1 vs 2 4.73 0.19 

3) direction x adjacent  

+ direction + adjacent  

+ week 

11 47.02 0.04 -8.84 2 vs 3 7.27 0.064 
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*Other predators combined includes chrysopids, hemerobiids, nabids, anthocorids, and staphylinids. 

 

Appendix XV. Average immigration to- and emigration from-soybean between soybean and alfalfa, canola, spring wheat, and woody 

vegetation of the main predator groups across weeks (n=2) and study sites (n=12) from bi-directional Malaise traps. Means ± standard 

errors are presented. 

 

 

 

 

 

 

 

 

 

* All other predators combined includes chrysopids, hemerobiids, anthocorids, nabids, and staphylinids. 

 Alfalfa Canola Spring wheat Woody vegetation 

 Immigration Emigration Immigration Emigration Immigration Emigration Immigration Emigration 

Coccinellids 

0.79 ±  

0.19 

0.71 ± 

0.26 

1.88 ±  

0.21 

1.10 ±  

0.23 

2.61 ±  

1.33 

0.92 ±  

0.43 

0.67 ±  

0.50 

0.17 ± 

0.063 

Syrphids 

32.60 ± 

9.82 

36.76 ± 

7.42 

149.1 ± 

50.10 

128.8 ± 

24.61 

203.6 ± 

79.10 

120.6 ± 

46.55 

50.30 ± 

38.25 

15.54 ± 

10.67 

Toxomerus 

marginatus 

8.24 ±  

1.84 

16.12 ± 

4.65 

73.88 ± 

46.64 

70.87 ± 

27.95 

15.05 ±  

5.93 

25.67 ± 

10.32 

16.36 ± 

13.12 

8.27 ± 

6.23 

Eupeodes 

americanus 

19.33 ± 

8.88 

15.38 ± 

7.73 

58.33 ± 

8.10 

50.90 ± 

19.03 

179.3 ± 

76.35 

90.34 ± 

35.82 

28.12 ± 

22.30 

5.62 ± 

4.16 

All other 

predators 

combined* 

2.02 ± 

0.52 

1.62 ± 

0.38 

1.92 ±  

0.65 

5.98 ±  

2.68 

1.52 ±  

0.20 

1.55 ±  

0.37 

1.53 ±  

0.46 

0.36 ± 

1.78 



 

89 

 

LITERATURE CITED 

Aguilera, G., Roslin, T., Miller, K., Tamburini, G., Birkhofer, K., Caballero-Lopez, B., 

Lindström, S.A.M., Öckinger, E., Rundlöf, M., Rusch, A., Smith, H.G., and Bommarco, R. 

2020. Crop diversity benefits carabid and pollinator communities in landscapes with semi-

natural habitats. J. Appl. Ecol., 57: 2170–2179. doi: 10.1111/1365-2664.13712. 

Ajayi-Oyetunde, O.O., Diers, B.W., Lagos-Kutz, D., Hill, C.B., Hartman, G.L., Reuter-Carlson, 

U., and Bradley, C.A. 2016. Differential reactions of soybean isolines with combinations of 

aphid resistance genes Rag1, Rag2, and Rag3 to four soybean aphid biotypes. J. Econ. 

Entomol., 109: 1431–1437. doi: 10.1093/jee/tow033. 

Almohamad, R., Verheggen, F.J., and Haubruge, É. 2009. Searching and oviposition behavior of 

aphidophagous hoverflies (Diptera: Syrphidae): a review. Biotechnol. Agron. Soc. Environ., 

13: 467–481. 

Asplen, M.K., Wyckhuys, K.A.G., and Heimpel, G.E. 2011. Parasitism of autumnal morphs of 

the soybean aphid (Hemiptera: Aphididae) by Binodoxys communis  (Hymenoptera: 

Braconidae) on buckthorn. Ann. Entomol. Soc. Am., 104: 935–944. doi: 10.1603/an10172. 

Bahlai, C.A., Colunga-Garcia, M., Gage, S.H., and Landis, D.A. 2015. The role of exotic 

ladybeetles in the decline of native ladybeetle populations: evidence from long-term 

monitoring. Biol. Invasions, 17: 1005–1024. doi: 10.1007/s10530-014-0772-4. 

Bahlai, C.A., Schaafsma, A.W., Lagos, D., Voegtlin, D., Smith, J.L., Andrew Welsman, J., Xue, 

Y., DiFonzo, C., and Hallett, R.H. 2014. Factors associated with winged forms of soybean 

aphid and an examination of North American spatial dynamics of this species in the context 

of migratory behaviour. Agric. For. Entomol., 16: 240–250. doi: 10.1111/afe.12051. 

Balzan, M. V., Bocci, G., and Moonen, A.-C. 2016. Landscape complexity and field margin 

vegetation diversity enhance natural enemies and reduce herbivory by Lepidoptera pests on 

tomato crop. BioControl, 61: 141–154. doi: 10.1007/s10526-015-9711-2. 

Bannerman, J.A., McCornack, B.P., Ragsdale, D.W., Koper, N., and Costamagna, A.C. 2018. 

Predators and alate immigration influence the season-long dynamics of soybean aphid 

(Hemiptera: Aphididae). Biol. Control, 117: 87–98. doi: 10.1016/j.biocontrol.2017.10.011. 



 

90 

 

Barton, K. 2020. MuMIn: Multi-Model Inference. R package version 1.43.17. https://CRAN.R-

project.org/package=MuMIn 

Bates, D., Mächler, M., Bolker, B.M., and Walker, S.C. 2015. Fitting linear mixed-effects 

models using lme4. J. Stat. Softw., 67: 1–51. doi: 10.18637/jss.v067.i01. 

Begg, G.S., Cook, S.M., Dye, R., Ferrante, M., Franck, P., Lavigne, C., Lövei, G.L., Mansion-

Vaquie, A., Pell, J.K., Petit, S., Quesada, N., Ricci, B., Wratten, S.D., and Birch, A.N.E. 

2017. A functional overview of conservation biological control. Crop Prot., 97: 145–158. 

doi: 10.1016/j.cropro.2016.11.008. 

Van den Berg, H., Ankasah, D., Muhammad, A., Rusli, R., Widayanto, H.A., Wirasto, H.B., and 

Yully, I. 1997. Evaluating the role of predation in population fluctuations of the soybean 

aphid Aphis glycines in farmers’ fields in Indonesia. J. Appl. Ecol., 34: 971–984. 

Berthiaume, R., Hébert, C., Pelletier, G., and Cloutier, C. 2016. Seasonal natural history of 

aphidophagous Syrphidae (Diptera) attacking the balsam twig aphid in balsam fir 

(Pinaceae) Christmas tree plantations. Can. Entomol., 148: 466–475. doi: 

10.4039/tce.2015.84. 

Bertrand, C., Burel, F., and Baudry, J. 2016. Spatial and temporal heterogeneity of the crop 

mosaic influences carabid beetles in agricultural landscapes. Landsc. Ecol., 31: 451–466. 

doi: 10.1007/s10980-015-0259-4. 

Bianchi, F.J.J.., Booij, C.J.., and Tscharntke, T. 2006. Sustainable pest regulation in agricultural 

landscapes: a review on landscape composition, biodiversity and natural pest control. Proc. 

R. Soc. B, 273: 1715–1727. doi: 10.1098/rspb.2006.3530. 

Bianchi, F.J.J.A., Schellhorn, N.A., and Cunningham, S.A. 2013. Habitat functionality for the 

ecosystem service of pest control: reproduction and feeding sites of pests and natural 

enemies. Agric. For. Entomol., 15: 12–23. doi: 10.1111/j.1461-9563.2012.00586.x. 

Blitzer, E.J., Dormann, C.F., Holzschuh, A., Klein, A.-M., Rand, T.A., and Tscharntke, T. 2012. 

Spillover of functionally important organisms between managed and natural habitats. Agric. 

Ecosyst. Environ., 146: 34–43. doi: 10.1016/j.agee.2011.09.005. 

Boetzl, F.A., Schuele, M., Krauss, J., and Steffan-Dewenter, I. 2020. Pest control potential of 

https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn


 

91 

 

adjacent agri-environment schemes varies with crop type and is shaped by landscape 

context and within-field position. J. Appl. Ecol., 57: 1482–1493. doi: 10.1111/1365-

2664.13653. 

Bosem Baillod, A., Tscharntke, T., Clough, Y., and Batáry, P. 2017. Landscape-scale 

interactions of spatial and temporal cropland heterogeneity drive biological control of cereal 

aphids. J. Appl. Ecol., 54: 1804–1813. doi: 10.1111/1365-2664.12910. 

Botzas-Coluni, J., Crockett, E.T.H., Rieb, J.T., and Bennett, E.M. 2021. Farmland heterogeneity 

is associated with gains in some ecosystem services but also potential trade-offs. Agric. 

Ecosyst. Environ., 322: 107661. doi: 10.1016/j.agee.2021.107661. 

Calvo-Agudo, M., Dregni, J., González-Cabrera, J., Dicke, M., Heimpel, G.E., and Tena, A. 

2021. Neonicotinoids from coated seeds toxic for honeydew-feeding biological control 

agents. Environ. Pollut., 289: 117813. doi: 10.1016/j.envpol.2021.117813. 

Carpenter, F.M. 1940. A Revision of the Nearctic Hemerobiidae, Berothidae, Sisyridae, 

Polystoechotidae and Dilaridae (Neuroptera). Proc. Am. Acad. Arts Sci., 74: 193–280. 

Available from https://www.jstor.org/stable/20023398. 

Carruthers, J.M., Cook, S.M., Wright, G.A., Osborne, J.L., Clark, S.J., Swain, J.L., and 

Haughton, A.J. 2017. Oilseed rape (Brassica napus) as a resource for farmland insect 

pollinators: quantifying floral traits in conventional varieties and breeding systems. GCB 

Bioenergy, 9: 1370–1379. doi: 10.1111/gcbb.12438. 

Chambers, R.J., and Adams, T.H.L. 1986. Quantification of the Impact of Hoverflies (Diptera: 

Syrphidae) On Cereal Aphids in Winter Wheat: An Analysis of Field Populations. J. Appl. 

Ecol., 23: 895–904. doi: 10.2307/2403942. 

Chaplin-Kramer, R., O’Rourke, M.E., Blitzer, E.J., and Kremen, C. 2011. A meta-analysis of 

crop pest and natural enemy response to landscape complexity. Ecol. Lett., 14: 922–932. 

doi: 10.1111/j.1461-0248.2011.01642.x. 

Chaplin-Kramer, R., de Valpine, P., Mills, N.J., and Kremen, C. 2013. Detecting pest control 

services across spatial and temporal scales. Agric. Ecosyst. Environ., 181: 206–212. doi: 

10.1016/j.agee.2013.10.007. 



 

92 

 

Chen, X., Fan, Y., Zhang, W., Tian, Z., Liu, J., and Zhao, K. 2017. Soybean aphid, Aphis 

glycines (Hemiptera: Aphididae), developmental and reproductive capacity on white clover, 

Trifolium repens (Rosales: Leguminosae), in northeast China. Appl. Entomol. Zool., 52: 

491–495. doi: 10.1007/s13355-017-0500-5. 

Cohen, A.L., and Crowder, D.W. 2017. The impacts of spatial and temporal complexity across 

landscapes on biological control: a review. Curr. Opin. Insect Sci., 20: 13–18. doi: 

10.1016/j.cois.2017.02.004. 

Costamagna, A.C., and Landis, D.A. 2006. Predators exert top-down control of soybean aphid 

across a gradient of agricultural management systems. Ecol. Appl., 16: 1619–1628. 

Costamagna, A.C., and Landis, D.A. 2007. Quantifying predation on soybean aphid through 

direct field observations. Biol. Control, 42: 16–24. doi: 10.1016/j.biocontrol.2007.04.001. 

Costamagna, A.C., and Landis, D.A. 2011. Lack of strong refuges allows top-down control of 

soybean aphid by generalist natural enemies. Biol. Control, 57: 184–192. doi: 

10.1016/j.biocontrol.2011.03.006. 

Costamagna, A.C., Landis, D.A., and Brewer, M.J. 2008. The role of natural enemy guilds in 

Aphis glycines suppression. Biol. Control, 45: 368–379. doi: 

10.1016/j.biocontrol.2008.01.018. 

Costamagna, A.C., Landis, D.A., and DiFonzo, C.D. 2007. Suppression of soybean aphid by 

generalist predators results in a trophic cascade in soybeans. Ecol. Appl., 17: 441–451. doi: 

10.1890/06-0284. 

Costamagna, A.C., McCornack, B.P., and Ragsdale, D.W. 2012. Alate immigration disrupts 

soybean aphid suppression by predators. J. Appl. Entomol., 137: 317–320. doi: 

10.1111/j.1439-0418.2012.01730.x. 

Costamagna, A.C., McCornack, B.P., and Ragsdale, D.W. 2013. Within-plant bottom-up effects 

mediate non-consumptive impacts of top-down control of soybean aphids. PLoS One, 8: 

e56394. doi: 10.1371/journal.pone.0056394. 

Damsteegt, V.D., Stone, A.L., Kuhlmann, M., Gildow, F.E., Domier, L.L., Sherman, D.J., and 

Schneider, W.L. 2011. Acquisition and transmissibility of U.S. soybean dwarf virus isolates 



 

93 

 

by the soybean aphid, Aphis glycines. Plant Dis., 95: 945–950. doi: 10.1094/PDIS-10-10-

0726. 

Desneux, N., Decourtye, A., and Delpuech, J.-M. 2007. The sublethal effects of pesticides on 

beneficial arthropods. Annu. Rev. Entomol., 52: 81–106. doi: 

10.1146/annurev.ento.52.110405.091440. 

Desneux, N., and O’Neil, R.J. 2008. Potential of an alternative prey to disrupt predation of the 

generalist predator, Orius insidiosus, on the pest aphid, Aphis glycines, via short-term 

indirect interactions. Bull. Entomol. Res., 98: 631–639. doi: 10.1017/S0007485308006238. 

Donaldson, J.R., Myers, S.W., and Gratton, C. 2007. Density-dependent responses of soybean 

aphid (Aphis glycines Matsumura) populations to generalist predators in mid to late season 

soybean fields. Biol. Control, 43: 111–118. doi: 10.1016/j.biocontrol.2007.06.004. 

Douglas, M.R., Rohr, J.R., and Tooker, J.F. 2015. Neonicotinoid insecticide travels through a 

soil food chain, disrupting biological control of non-target pests and decreasing soya bean 

yield. J. Appl. Ecol., 52: 250–260. doi: 10.1111/1365-2664.12372. 

Duarte, G.T., Santos, P.M., Cornelissen, T.G., Ribeiro, M.C., and Paglia, A.P. 2018. The effects 

of landscape patterns on ecosystem services: meta-analyses of landscape services. Landsc. 

Ecol., 33: 1247–1257. doi: 10.1007/s10980-018-0673-5. 

Duelli, P. 1984. Dispersal and oviposition strategies in Chrysoperla carnea. In Progress in 

World’s Neuropterology. p. 265. 

Dunn, L., Lequerica, M., Reid, C.R., and Latty, T. 2020. Dual ecosystem services of syrphid flies 

(Diptera: Syrphidae): pollinators and biological control agents. Pest Manag. Sci., 76: 1973–

1979. doi: 10.1002/ps.5807. 

Dunning, J.B., Danielson, B.J., and Pulliam, H.R. 1992. Ecological processes that affect 

populations in complex landscapes. Oikos, 65: 169–175. 

Eckberg, J.O., Peterson, J.A., Borsh, C.P., Kaser, J.M., Johnson, G.A., Luhman, J.C., Wyse, 

D.L., and Heimpel, G.E. 2015. Field Abundance and Performance of Hoverflies (Diptera: 

Syrphidae) on Soybean Aphid. Ann. Entomol. Soc. Am., 108: 26–34. doi: 

10.1093/aesa/sau009. 



 

94 

 

Elliott, N.C., Kieckhefer, R.W., Michels Jr, G.J., and Giles, K.L. 2002. Predator Abundance in 

Alfalfa Fields in Relation to Aphids, Within-Field Vegetation, and Landscape Matrix. 

Environ. Entomol., 31: 253–260. doi: 10.1603/0046-225X-31.2.253. 

Fahrig, L. 2017. Ecological Responses to Habitat Fragmentation per Se. Annu. Rev. Ecol. Evol. 

Syst., 48: 1–23. doi: 10.1146/annurev-ecolsys-110316-022612. 

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C., Siriwardena, 

G.M., and Martin, J.-L. 2011. Functional landscape heterogeneity and animal biodiversity in 

agricultural landscapes. Ecol. Lett., 14: 101–112. doi: 10.1111/j.1461-0248.2010.01559.x. 

Fahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A., Javorek, S., King, D., Lindsay, K.F., 

Mitchell, S., and Tischendorf, L. 2015. Farmlands with smaller crop fields have higher 

within-field biodiversity. Agric. Ecosyst. Environ., 200: 219–234. doi: 

10.1016/j.agee.2014.11.018. 

Feit, B., Blüthgen, N., Traugott, M., and Jonsson, M. 2019. Resilience of ecosystem processes: a 

new approach shows that functional redundancy of biological control services is reduced by 

landscape simplification. Ecol. Lett., 22: 1568–1577. doi: 10.1111/ele.13347. 

Fox, J. and Weisberg, S. 2019. An {R} Companion to Applied Regression, Third Edition. 

Thousand Oaks CA: Sage. 

URL:https://socialsciences.mcmaster.ca/jfox/Books/Companion/   

Fox, T.B., Landis, D.A., Cardoso, F.F., and DiFonzo, C.D. 2004. Predators suppress Aphis 

glycines Matsumura population growth in soybean. Environ. Entomol., 33: 608–618. doi: 

10.1603/0046-225X-33.3.608. 

Frost, C.M., Didham, R.K., Rand, T.A., Peralta, G., and Tylianakis, J.M. 2015. Community-level 

net spillover of natural enemies from managed to natural forest. Ecology, 96: 193–202. doi: 

10.1890/14-0696.1. 

Gagic, V., Holding, M., Venables, W.N., Hulthen, A.D., and Schellhorn, N.A. 2021. Better 

outcomes for pest pressure, insecticide use, and yield in less intensive agricultural 

landscapes. Proc. Natl. Acad. Sci. U. S. A., 118: e2018100118. doi: 

10.1073/pnas.2018100118. 

https://socialsciences.mcmaster.ca/jfox/Books/Companion/


 

95 

 

Galvan, T.L., Koch, R.L., and Hutchison, W.D. 2005. Toxicity of commonly used insecticides in 

sweet corn and soybean to multicolored Asian lady beetle (Coleoptera: Coccinellidae). J. 

Econ. Entomol., 98: 780–789. doi: 10.1603/0022-0493-98.3.780. 

Gámez-Virués, S., Perović, D.J., Gossner, M.M., Börschig, C., Blüthgen, N., de Jong, H., 

Simons, N.K., Klein, A.-M., Krauss, J., Maier, G., Scherber, C., Steckel, J., Rothenwöhrer, 

C., Steffan-Dewenter, I., Weiner, C.N., Weisser, W., Werner, M., Tscharntke, T., and 

Westphal, C. 2015. Landscape simplification filters species traits and drives biotic 

homogenization. Nat. Commun., 6. doi: 10.1038/ncomms9568. 

Gardiner, M.M., Landis, D.A., Gratton, C., DiFonzo, C.D., O’Neal, M., Chacon, J.M., Wayo, 

M.T., Schmidt, N.P., Mueller, E.E., and Heimpel, G.E. 2009. Landscape diversity enhances 

biological control of an introduced crop pest in the north-central USA. Ecol. Appl., 19: 

143–154. doi: 10.1890/07-1265.1. 

Gardiner, M.M., Landis, D.A., Gratton, C., Schmidt, N., Neal, M.O., Mueller, E., Chacon, J., and 

Heimpel, G.E. 2010. Landscape composition influences the activity density of Carabidae 

and Arachnida in soybean fields. Biol. Control, 55: 11–19. doi: 

10.1016/j.biocontrol.2010.06.008. 

Gardiner, M.M., O’Neal, M.E., and Landis, D.A. 2011. Intraguild Predation and Native Lady 

Beetle Decline. PLoS One, 6: e23576. doi: 10.1371/journal.pone.0023576. 

Gariepy, V., Boivin, G., and Brodeur, J. 2015. Why two species of parasitoids showed promise 

in the laboratory but failed to control the soybean aphid under field conditions. Biol. 

Control, 80: 1–7. doi: 10.1016/j.biocontrol.2014.09.006. 

Garland, J.A., and Kevan, D.K.M. 2007. Chrysopidae of Canada and Alaska (Insecta, 

Neuroptera): revised checklist, new and noteworthy records, and geo-referenced localities. 

Zootaxa 1486,: 1–84. doi: 10.11646/zootaxa.1486.1.1. 

Gavloski, J. 2006. Summary of Insects on Crops in Manitoba in 2006. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/2006-summary-insect-pests.html [accessed 

16 January 2020].  

https://www.gov.mb.ca/agriculture/crops/insects/2006-summary-insect-pests.html


 

96 

 

Gavloski, J. 2008. Summary of Insects on Crops in Manitoba in 2008. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/2008-summary-insect-pests.html [accessed 

16 January 2020].  

Gavloski, J. 2011. Summary of Insects on Crops in Manitoba in 2011. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/pubs/2011summary.pdf [accessed 16 

January 2020].  

Gavloski, J. 2015. Manitoba Insect & Disease Update: July 21, 2015. [online] Available from 

http://www.gov.mb.ca/agriculture/crops/seasonal-reports/insect-report-archive/print,insect-

update-2015-07-21.html [accessed 10 December 2019].  

Gavloski, J. 2017. Summary of Insects on Crops in Manitoba in 2017. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect-summary-2017.pdf [accessed 

16 January 2020].  

Gavloski, J. 2018. Soybean Aphids: Sampling, Thresholds and Management. [online] Available 

from https://www.gov.mb.ca/agriculture/crops/insects/soybean-aphids.html [accessed 09 

January 2020].  

Gavloski, J. 2019. Summary of Insects on Crops in Manitoba in 2019. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect-summary-2019.pdf [accessed 

16 January 2020].  

Gavloski, J. 2021. Summary of Insects on Crops in Manitoba in 2021. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect%20summary-2021.pdf  

[accessed 30 March 2022].  

Gilabert, A., Gauffre, B., Parisey, N., Le Gallic, J.F., Lhomme, P., Bretagnolle, V., Dedryver, 

C.A., Baudry, J., and Plantegenest, M. 2017. Influence of the surrounding landscape on the 

colonization rate of cereal aphids and phytovirus transmission in autumn. J. Pest Sci. 

(2004)., 90: 447–457. doi: 10.1007/s10340-016-0790-3. 

Gontijo, L.M., Cockfield, S.D., and Beers, E.H. 2012. Natural Enemies of Woolly Apple Aphid 

(Hemiptera: Aphididae) in Washington State. Environ. Entomol., 41: 1364–1371. doi: 

10.1603/en12085. 

https://www.gov.mb.ca/agriculture/crops/insects/2008-summary-insect-pests.html
https://www.gov.mb.ca/agriculture/crops/insects/pubs/2011summary.pdf
http://www.gov.mb.ca/agriculture/crops/seasonal-reports/insect-report-archive/print,insect-update-2015-07-21.html
http://www.gov.mb.ca/agriculture/crops/seasonal-reports/insect-report-archive/print,insect-update-2015-07-21.html
https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect-summary-2017.pdf
https://www.gov.mb.ca/agriculture/crops/insects/soybean-aphids.html
https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect-summary-2019.pdf
https://www.gov.mb.ca/agriculture/crops/insects/pubs/insect%20summary-2021.pdf


 

97 

 

González, E., Bianchi, F.J.J.A., Eckerter, P.W., Pfaff, V., Weiler, S., and Entling, M.H. 2022. 

Ecological requirements drive the variable responses of wheat pests and natural enemies to 

the landscape context. J. Appl. Ecol., 59: 444–456. doi: 10.1111/1365-2664.14062. 

González, E., Landis, D.A., Knapp, M., and Valladares, G. 2020. Forest cover and proximity 

decrease herbivory and increase crop yield via enhanced natural enemies in soybean fields. 

J. Appl. Ecol., 57: 2296–2306. doi: 10.1111/1365-2664.13732. 

González, E., Salvo, A., Defagó, M.T., and Valladares, G. 2016. A moveable feast: insects 

moving at the forest-crop interface are affected by crop phenology and the amount of forest 

in the landscape. PLoS One, 11: e0158836. doi: 10.1371/journal.pone.0158836. 

Gordon, R.D. 1985. The Coccinellidae of America North of Mexico. J. New York Entomol. 

Soc., 93: 1–912. 

Gordon, R.D. 1987. The First North American Records of Hippodamia variegata (Goeze) 

(Coleoptera: Coccinellidae). J. New York Entomol. Soc., 95: 307–309. 

Grab, H., Danforth, B., Poveda, K., and Loeb, G. 2018. Landscape simplification reduces 

classical biological control and crop yield. Ecol. Appl., 28: 348–355. doi: 

10.1002/eap.1651. 

Grace, J.B. 2006. Structural equation modelling and natural systems. Cambridge University 

Press, Cambridge. doi:10.1017/CBO9780511617799  

Grez, A.A., Zaviezo, T., and Gardiner, M.M. 2014. Local predator composition and landscape 

affects biological control of aphids in alfalfa fields. Biol. Control, 76: 1–9. doi: 

10.1016/j.biocontrol.2014.04.005. 

Grez, A.A., Zaviezo, T., Gardiner, M.M., and Alaniz, A.J. 2019. Urbanization filters coccinellids 

composition and functional trait distributions in greenspaces across greater Santiago, Chile. 

Urban For. Urban Green., 38: 337–345. doi: 10.1016/j.ufug.2019.01.002. 

Gurr, G.M., Wratten, S.D., Landis, D.A., and You, M. 2017. Habitat Management to Suppress 

Pest Populations: Progress and Prospects. Annu. Rev. Entomol., 62: 91–109. doi: 

10.1146/annurev-ento-031616-035050. 



 

98 

 

Haan, N.L., Zhang, Y., and Landis, D.A. 2020. Predicting landscape configuration effects on 

agricultural pest suppression. Trends Ecol. Evol., 35: 175–186. doi: 

10.1016/j.tree.2019.10.003. 

Haenke, S., Kovács-Hostyánszki, A., Fründ, J., Batáry, P., Jauker, B., Tscharntke, T., and 

Holzschuh, A. 2014. Landscape configuration of crops and hedgerows drives local syrphid 

fly abundance. J. Appl. Ecol., 51: 505–513. doi: 10.1111/1365-2664.12221. 

Haenke, S., Scheid, B., Schaefer, M., Tscharntke, T., and Thies, C. 2009. Increasing syrphid fly 

diversity and density in sown flower strips within simple vs. complex landscapes. J. Appl. 

Ecol., 46: 1106–1114. doi: 10.1111/j.1365-2664.2009.01685.x. 

Hafeez, F., Abbas, M., Zia, K., Ali, S., Farooq, M., Arshad, M., Iftikhar, A., Saleem, M.J., Zuan, 

A.T.K., Li, Y., Nasif, O., Alharbi, S.A., Wainwright, M., and Ansari, M.J. 2021. Prevalence 

and management of aphids (Hemiptera: Aphididae) in different wheat genotypes and their 

impact on yield and related traits. PLoS One, 16: e0257952. doi: 

10.1371/journal.pone.0257952. 

Hallett, R.H., Bahlai, C.A., Xue, Y., and Schaafsma, A.W. 2014. Incorporating natural enemy 

units into a dynamic action threshold for the soybean aphid, Aphis glycines (Homoptera: 

Aphididae). Pest Manag. Sci., 70: 879–888. doi: 10.1002/ps.3674. 

Hanson, A.A., Menger-Anderson, J., Silverstein, C., Potter, B.D., Macrae, I. V., Hodgson, E.W., 

and Koch, R.L. 2017. Evidence for soybean aphid (Hemiptera: Aphididae) resistance to 

pyrethroid insecticides in the upper Midwestern United States. J. Econ. Entomol., 110: 

2235–2246. doi: 10.1093/jee/tox235. 

Heimoana, V., Pilkington, L.J., Raman, A., Mitchell, A., Nicol, H.I., Johnson, A.C., and Gurr, 

G.M. 2017. Integrating spatially explicit molecular and ecological methods to explore the 

significance of non-crop vegetation to predators of brassica pests. Agric. Ecosyst. Environ., 

239: 12–19. doi: 10.1016/j.agee.2017.01.008. 

Heimpel, G.E., Frelich, L.E., Landis, D.A., Hopper, K.R., Hoelmer, K.A., Sezen, Z., Asplen, 

M.K., and Wu, K. 2010. European buckthorn and Asian soybean aphid as components of an 

extensive invasional meltdown in North America. Biol. Invasions, 12: 2913–2931. doi: 



 

99 

 

10.1007/s10530-010-9736-5. 

Hesler, L.S., Chiozza, M. V., O’Neal, M.E., MacIntosh, G.C., Tilmon, K.J., Chandrasena, D.I., 

Tinsley, N.A., Cianzio, S.R., Costamagna, A.C., Cullen, E.M., DiFonzo, C.D., Potter, B.D., 

Ragsdale, D.W., Steffey, K., and Koehler, K.J. 2013. Performance and prospects of Rag 

genes for management of soybean aphid. Entomol. Exp. Appl., 147: 201–216. doi: 

10.1111/eea.12073. 

Hodgson, E.W., Venette, R.C., Abrahamson, M., and Ragsdale, D.W. 2005. Alate production of 

soybean aphid (Homoptera: Aphididae) in Minnesota. Environ. Entomol., 34: 1456–1463. 

doi: 10.1603/0046-225x-34.6.1456. 

Honěk, A. 1980. Population density of aphids at the time of settling and ovariole maturation in  

Coccinella septempunctata  [Col. : Coccinellidae]. Entomophaga, 25: 427–430. 

Hunt, D., Foottit, R., Gagnier, D., and Baute, T. 2003. First Canadian records of Aphis glycines 

(Hemiptera: Aphididae). Can. Entomol., 135: 879–881. doi: 10.4039/n03-027. 

Hymowitz, T., and Harlan, J.R. 1983. Introduction of soybean to North America by Samuel 

Bowen in 1765. Econ. Bot., 37: 371–379. doi: 10.1007/BF02904196. 

Iuliano, B., and Gratton, C. 2020. Temporal Resource (Dis)continuity for Conservation 

Biological Control: From Field to Landscape Scales. Front. Sustain. Food Syst., 4: 1–15. 

doi: 10.3389/fsufs.2020.00127. 

Janković, M., Plećaš, M., Sandić, D., Popović, A., Petrović, A., Petrović-Obradović, O., 

Tomanović, Ž., and Gagić, V. 2017. Functional role of different habitat types at local and 

landscape scales for aphids and their natural enemies. J. Pest Sci. (2004)., 90: 261–273. doi: 

10.1007/s10340-016-0744-9. 

Johnson, K.D., O’Neal, M.E., Bradshaw, J.D., and Rice, M.E. 2008. Is preventative, concurrent 

management of the soybean aphid (Hemiptera: Aphididae) and bean leaf beetle (Coleoptera: 

Chrysomelidae) possible? J. Econ. Entomol., 101: 801–809. doi: 10.1603/0022-

0493(2008)101[801:IPCMOT]2.0.CO;2. 

Johnson, K.D., O’Neal, M.E., Ragsdale, D.W., Difonzo, C.D., Swinton, S.M., Dixon, P.M., 

Potter, B.D., Hodgson, E.W., and Costamagna, A.C. 2009. Probability of Cost-Effective 



 

100 

 

Management of Soybean Aphid (Hemiptera: Aphididae) in North America. J. Econ. 

Entomol., 102: 2101–2108. doi: 10.1603/029.102.0613. 

Jonsson, M., Buckley, H.L., Case, B.S., Wratten, S.D., Hale, R.J., and Didham, R.K. 2012. 

Agricultural intensification drives landscape-context effects on host-parasitoid interactions 

in agroecosystems. J. Appl. Ecol., 49: 706–714. doi: 10.1111/j.1365-2664.2012.02130.x. 

Kaiser, M.E., Noma, T., Brewer, M.J., Pike, K.S., Vockeroth, J.R., and Gaimari, S.D. 2007. 

Hymenopteran Parasitoids and Dipteran Predators Found Using Soybean Aphid After Its 

Midwestern United States Invasion. Ann. Entomol. Soc. Am., 100: 196–205. doi: 

10.1603/0013-8746(2007)100[196:HPADPF]2.0.CO;2. 

Karp, D.S., Chaplin-Kramer, R., Meehan, T.D., Martin, E.A., DeClerck, F., Grab, H., Gratton, 

C., Hunt, L., Larsen, A.E., Martínez-Salinas, A., O’Rourke, M.E., Rusch, A., Poveda, K., 

Jonsson, M., Rosenheim, J.A., Schellhorn, N.A., Tscharntke, T., Wratten, S.D., Zhang, W., 

Iverson, A.L., Adler, L.S., Albrecht, M., Alignier, A., Angelella, G.M., Zubair Anjum, M., 

Avelino, J., Batáry, P., Baveco, J.M., Bianchi, F.J.J.A., Birkhofer, K., Bohnenblust, E.W., 

Bommarco, R., Brewer, M.J., Caballero-López, B., Carrière, Y., Carvalheiro, L.G., 

Cayuela, L., Centrella, M., Ćetković, A., Henri, D.C., Chabert, A., Costamagna, A.C., De la 

Mora, A., de Kraker, J., Desneux, N., Diehl, E., Diekötter, T., Dormann, C.F., Eckberg, 

J.O., Entling, M.H., Fiedler, D., Franck, P., Frank van Veen, F.J., Frank, T., Gagic, V., 

Garratt, M.P.D., Getachew, A., Gonthier, D.J., Goodell, P.B., Graziosi, I., Groves, R.L., 

Gurr, G.M., Hajian-Forooshani, Z., Heimpel, G.E., Herrmann, J.D., Huseth, A.S., Inclán, 

D.J., Ingrao, A.J., Iv, P., Jacot, K., Johnson, G.A., Jones, L., Kaiser, M., Kaser, J.M., 

Keasar, T., Kim, T.N., Kishinevsky, M., Landis, D.A., Lavandero, B., Lavigne, C., Le 

Ralec, A., Lemessa, D., Letourneau, D.K., Liere, H., Lu, Y., Lubin, Y., Luttermoser, T., 

Maas, B., Mace, K., Madeira, F., Mader, V., Cortesero, A.M., Marini, L., Martinez, E., 

Martinson, H.M., Menozzi, P., Mitchell, M.G.E., Miyashita, T., Molina, G.A.R., Molina-

Montenegro, M.A., O’Neal, M.E., Opatovsky, I., Ortiz-Martinez, S., Nash, M., Östman, Ö., 

Ouin, A., Pak, D., Paredes, D., Parsa, S., Parry, H., Perez-Alvarez, R., Perović, D.J., 

Peterson, J.A., Petit, S., Philpott, S.M., Plantegenest, M., Plećaš, M., Pluess, T., Pons, X., 

Potts, S.G., Pywell, R.F., Ragsdale, D.W., Rand, T.A., Raymond, L., Ricci, B., Sargent, C., 

Sarthou, J.-P., Saulais, J., Schäckermann, J., Schmidt, N.P., Schneider, G., Schüepp, C., 



 

101 

 

Sivakoff, F.S., Smith, H.G., Stack Whitney, K., Stutz, S., Szendrei, Z., Takada, M.B., Taki, 

H., Tamburini, G., Thomson, L.J., Tricault, Y., Tsafack, N., Tschumi, M., Valantin-

Morison, M., Van Trinh, M., van der Werf, W., Vierling, K.T., Werling, B.P., Wickens, 

J.B., Wickens, V.J., Woodcock, B.A., Wyckhuys, K., Xiao, H., Yasuda, M., Yoshioka, A., 

and Zou, Y. 2018. Crop pests and predators exhibit inconsistent responses to surrounding 

landscape composition. Proc. Natl. Acad. Sci., 115: E7863–E7870. doi: 

10.1073/pnas.1800042115. 

Kaser, J.M., and Heimpel, G.E. 2018. Impact of the parasitoid Aphelinus certus on soybean 

aphid populations. Biol. Control, 127: 17–24. doi: 10.1016/j.biocontrol.2018.08.014. 

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R., 

Bommarco, R., Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff, N.P., 

Cunningham, S.A., Danforth, B.N., Dudenhöffer, J.H., Elle, E., Gaines, H.R., Garibaldi, 

L.A., Gratton, C., Holzschuh, A., Isaacs, R., Javorek, S.K., Jha, S., Klein, A.M., Krewenka, 

K., Mandelik, Y., Mayfield, M.M., Morandin, L., Neame, L.A., Otieno, M., Park, M., Potts, 

S.G., Rundlöf, M., Saez, A., Steffan-Dewenter, I., Taki, H., Viana, B.F., Westphal, C., 

Wilson, J.K., Greenleaf, S.S., and Kremen, C. 2013. A global quantitative synthesis of local 

and landscape effects on wild bee pollinators in agroecosystems. Ecol. Lett., 16: 584–599. 

doi: 10.1111/ele.12082. 

Kheirodin, A., Cárcamo, H.A., and Costamagna, A.C. 2020. Contrasting effects of host crops 

and crop diversity on the abundance and parasitism of a specialist herbivore in agricultural 

landscapes. Landsc. Ecol., 35: 1073–1087. doi: 10.1007/s10980-020-01000-0. 

Kheirodin, A., Cárcamo, H.A., Sharanowski, B.J., and Costamagna, A.C. 2022. Crop diversity 

increases predator abundance but not predation on cereal leaf beetles in agricultural 

landscapes. J. Pest Sci. (2004).,. doi: 10.1007/s10340-021-01454-4. 

Klimaszewski, J., and Kevan, D.K.M. 1992. Review of Canadian and Alaskan brown lacewings 

flies (Neuroptera: Hemerobiidae) with a key to the genera. Part IV: the genera  Megalomus  

Rambur,  Boriomyia  Banks,  Psectra  Hagen and  Sympherobius  Banks. Ann. Transvaal 

Museum, 35: 435–457. 

Koch, R.L., Hodgson, E.W., Knodel, J.J., Varenhorst, A.J., and Potter, B.D. 2018. Management 



 

102 

 

of insecticide-resistant soybean aphids in the upper Midwest of the United States. J. Integr. 

Pest Manag., 9: 1–7. doi: 10.1093/jipm/pmy014. 

Koch, R.L., Potter, B.D., Glogoza, P.A., Hodgson, E.W., Krupke, C.H., Tooker, J.F., DiFonzo, 

C.D., Michel, A.P., Tilmon, K.J., Prochaska, T.J., Knodel, J.J., Wright, R.J., Hunt, T.E., 

Jensen, B., Varenhorst, A.J., McCornack, B.P., Estes, K.A., and Spencer, J.L. 2016. 

Biology and economics of recommendations for insecticide-based management of soybean 

aphid. Plant Heal. Prog., 17: 265–269. doi: 10.1094/php-rv-16-0061. 

Kraiss, H., and Cullen, E.M. 2008. Insect growth regulator effects of azadirachtin and neem oil 

on survivorship, development and fecundity of  Aphis glycines  (Homoptera: Aphididae) 

and its predator,  Harmonia axyridis  (Coleoptera: Coccinellidae). Pest Manag. Sci., 64: 

660–668. doi: 10.1002/ps. 

Krupke, C.H., Alford, A.M., Cullen, E.M., Hodgson, E.W., Knodel, J.J., McCornack, B., Potter, 

B.D., Spigler, M.I., Tilmon, K., and Welch, K. 2017. Assessing the value and pest 

management window provided by neonicotinoid seed treatments for management of 

soybean aphid (Aphis glycines Matsumura) in the upper Midwestern United States. Pest 

Manag. Sci., 73: 2184–2193. doi: 10.1002/ps.4602. 

Kurylo, J., and Endress, A.G. 2012. Rhamnus cathartica: Notes on its early history in North 

America. Northeast. Nat., 19: 601–610. doi: 10.1656/045.019.0405. 

Lacasella, F., Marta, S., Singh, A., Stack Whitney, K., Hamilton, K., Townsend, P., Kucharik, 

C.J., Meehan, T.D., and Gratton, C. 2017. From pest data to abundance-based risk maps 

combining eco-physiological knowledge, weather, and habitat variability. Ecol. Appl., 27: 

575–588. doi: 10.1002/eap.1467. 

Lamb, R.J., Bannerman, J.A., and Costamagna, A.C. 2019. Stability of native and exotic lady 

beetle populations in a diverse landscape. Ecosphere, 10: e02630. doi: 10.1002/ecs2.2630. 

Landis, D.A. 2017. Designing agricultural landscapes for biodiversity-based ecosystem services. 

Basic Appl. Ecol., 18: 1–12. doi: 10.1016/j.baae.2016.07.005. 

Landis, D.A., Wratten Stephen D, and Gurr, G.M. 2000. Habitat management to conserve natural 

enemies of arthropod pests in agriculture. Annu. Rev. Entomol., 45: 175–201. 



 

103 

 

Larsen, A.E., and Noack, F. 2021. Impact of local and landscape complexity on the stability of 

field-level pest control. Nat. Sustain., 4: 120–128. doi: 10.1038/s41893-020-00637-8. 

Lefcheck, J.S. 2016. piecewiseSEM: Piecewise structural equation modelling in R for ecology, 

evolution, and systematics. Methods Ecol. Evol., 7: 573–579. doi: 10.1111/2041-

210X.12512. 

Lenth, R.V. (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means. R package 

version 1.5.5-1. https://CRAN.R-project.org/package=emmeans 

Letourneau, D.K., Armbrecht, I., Rivera, B.S., Lerma, J.M., Carmona, E.J., Daza, M.C., Escobar, 

S., Galindo, V., Gutiérrez, C., López, S.D., Mejía, J.L., Rangel, A.M.A., Rangel, J.H., 

Rivera, L., Saavedra, C.A., Torres, A.M., and Trujillo, A.R. 2011. Does plant diversity 

benefit agroecosystems? A synthetic review. Ecol. Appl., 21: 9–21. doi: 10.1890/09-2026.1. 

Liere, H., Kim, T.N., Werling, B.P., Meehan, T.D., Landis, D.A., and Gratton, C. 2015. Trophic 

cascades in agricultural landscapes: indirect effects of landscape composition on crop yield. 

Ecol. Appl., 25: 652–661. doi: 10.1890/14-0570.1.sm. 

Liu, J., Wu, K., Hopper, K., and Zhao, K. 2004. Population dynamics of Aphis glycines 

(Homoptera: Aphididae) and its natural enemies in soybean in Northern China. Ann. 

Entomol. Soc. Am., 97: 235–239. doi: 10.1603/0013-

8746(2004)097[0235:PDOAGH]2.0.CO;2. 

Lundgren, J.G. 2009a. Relationships of natural enemies and non-prey foods. Springer, p. doi: 

10.5860/choice.47-0855. 

Lundgren, J.G. 2009b. Relationships of natural enemies and non-prey foods. Choice Rev. 

Online, 47: 47-0855-47–0855. doi: 10.5860/CHOICE.47-0855. 

Lundgren, J.G., Hesler, L.S., and Anderson, R.L. 2017. Preceding crop affects soybean aphid 

abundance and predator–prey dynamics in soybean. J. Appl. Entomol., 141: 669–676. doi: 

10.1111/jen.12395. 

Lundgren, J.G., Wyckhuys, K.A.G., and Desneux, N. 2009. Population responses by Orius 

insidiosus to vegetational diversity. BioControl, 54: 135–142. doi: 10.1007/s10526-008-

9165-x. 



 

104 

 

Macedo, T.B., Bastos, C.S., Higley, L.G., Ostlie, K.R., and Madhaven, S. 2003. Photosynthetic 

responses of soybean to soybean aphid (Homoptera: Aphididae) injury. J. Econ. Entomol., 

96: 188–193. doi: 10.1603/0022-0493-96.1.188. 

Macfadyen, S., Hopkinson, J., Parry, H., Neave, M.J., Bianchi, F.J.J.A., Zalucki, M.P., and 

Schellhorn, N.A. 2015. Early-season movement dynamics of phytophagous pest and natural 

enemies across a native vegetation-crop ecotone. Agric. Ecosyst. Environ., 200: 110–118. 

doi: 10.1016/j.agee.2014.11.012. 

Macfadyen, S., and Muller, W. 2013. Edges in Agricultural Landscapes: Species Interactions and 

Movement of Natural Enemies. PLoS One, 8: e59659. doi: 10.1371/journal.pone.0059659. 

Maisonhaute, J.-É., Labrie, G., and Lucas, E. 2017. Direct and indirect effects of the spatial 

context on the natural biocontrol of an invasive crop pest. Biol. Control, 106: 64–76. doi: 

10.1016/j.biocontrol.2016.12.010. 

Maisonhaute, J.-É., and Lucas, É. 2011. Influence of landscape structure on the functional groups 

of an aphidophagous guild: Active-searching predators, furtive predators and parasitoids. 

Eur. J. Environ. Sci., 1: 41–50. 

Malaj, E., and Morrissey, C.A. 2022. Increased reliance on insecticide applications in Canada 

linked to simplified agricultural landscapes. Ecol. Appl., 32: e2533. doi: 10.1002/eap.2533. 

Manitoba Agriculture, 2019a. Overview of the soybean sector in Manitoba. [online] Available 

from https://www.gov.mb.ca/agriculture/markets-and-statistics/crop-

statistics/pubs/crop_soybean_sector.pdf  [accessed 10 December 2020]. 

Manitoba Agriculture, 2019b. Soybean Production and Management. [online] Available from 

https://www.gov.mb.ca/agriculture/crops/crop-management/soybeans.html  accessed 10 

December 2020].  

Martin, E.A., Dainese, M., Clough, Y., Báldi, A., Bommarco, R., Gagic, V., Garratt, M.P.D., 

Holzschuh, A., Kleijn, D., Kovács‐Hostyánszki, A., Marini, L., Potts, S.G., Smith, H.G., Al 

Hassan, D., Albrecht, M., Andersson, G.K.S., Asís, J.D., Aviron, S., Balzan, M. V., Baños‐

Picón, L., Bartomeus, I., Batáry, P., Burel, F., Caballero‐López, B., Concepción, E.D., 

Coudrain, V., Dänhardt, J., Diaz, M., Diekötter, T., Dormann, C.F., Duflot, R., Entling, 

https://www.gov.mb.ca/agriculture/markets-and-statistics/crop-statistics/pubs/crop_soybean_sector.pdf
https://www.gov.mb.ca/agriculture/markets-and-statistics/crop-statistics/pubs/crop_soybean_sector.pdf
https://www.gov.mb.ca/agriculture/crops/crop-management/soybeans.html


 

105 

 

M.H., Farwig, N., Fischer, C., Frank, T., Garibaldi, L.A., Hermann, J., Herzog, F., Inclán, 

D., Jacot, K., Jauker, F., Jeanneret, P., Kaiser, M., Krauss, J., Le Féon, V., Marshall, J., 

Moonen, A., Moreno, G., Riedinger, V., Rundlöf, M., Rusch, A., Scheper, J., Schneider, G., 

Schüepp, C., Stutz, S., Sutter, L., Tamburini, G., Thies, C., Tormos, J., Tscharntke, T., 

Tschumi, M., Uzman, D., Wagner, C., Zubair‐Anjum, M., and Steffan‐Dewenter, I. 2019. 

The interplay of landscape composition and configuration: new pathways to manage 

functional biodiversity and agroecosystem services across Europe. Ecol. Lett., 22: 1083–

1094. doi: 10.1111/ele.13265. 

Martin, E.A., Seo, B., Park, C.-R., Reineking, B., and Steffan-Dewenter, I. 2016. Scale-

dependent effects of landscape composition and configuration on natural enemy diversity, 

crop herbivory, and yields. Ecol. Appl., 26: 448–462. doi: 10.1890/15-0856. 

Mazerolle, M.J. (2020). AICcmodavg: Model selection and multimodel inference based on 

(Q)AIC(c). R package version 2.3-1, https://cran.r-project.org/package=AICcmodavg. 

McCornack, B.P., Carrillo, M.A., Venette, R.C., and Ragsdale, D.W. 2005. Physiological 

constraints on the overwintering potential of the soybean aphid (Homoptera: Aphididae). 

Environ. Entomol., 34: 235–240. doi: 10.1603/0046-225x-34.2.235. 

McCornack, B.P., and Ragsdale, D.W. 2006. Efficacy of thiamethoxam to suppress soybean 

aphid populations in Minnesota soybean. Crop Manag., 5: 1–8. doi: doi:10.1094/CM-2006-

0915-01-RS. 

Meehan, T.D., Werling, B.P., Landis, D.A., and Gratton, C. 2011. Agricultural landscape 

simplification and insecticide use in the Midwestern United States. Proc. Natl. Acad. Sci., 

108: 11500–11505. doi: 10.1073/pnas.1100751108. 

Meyer, B., Jauker, F., and Steffan-Dewenter, I. 2009. Contrasting resource-dependent responses 

of hoverfly richness and density to landscape structure. Basic Appl. Ecol., 10: 178–186. doi: 

10.1016/j.baae.2008.01.001. 

Mignault, M.-P., Roy, M., and Brodeur, J. 2006. Soybean aphid predators in Québec and the 

suitability of Aphis glycines  as prey for three Coccinellidae. Biocontrol, 51: 89–106. doi: 

10.1007/s10526-005-1517-1. 

https://cran.r-project.org/package=AICcmodavg


 

106 

 

Mitchell, M.G.E., Bennett, E.M., and Gonzalez, A. 2014. Agricultural landscape structure affects 

arthropod diversity and arthropod-derived ecosystem services. Agric. Ecosyst. Environ., 

192: 144–151. doi: 10.1016/j.agee.2014.04.015. 

Mitchell, M.G.E., Hartley, E., Tsuruda, M., Gonzalez, A., and Bennett, E.M. 2022. Contrasting 

responses of soybean aphids, primary parasitoids, and hyperparasitoids to forest fragments 

and agricultural landscape structure. Agric. Ecosyst. Environ., 326: 107752. doi: 

10.1016/j.agee.2021.107752. 

Moffatt, S.F., and McLachlan, S.M. 2004. Understorey indicators of disturbance for riparian 

forests along an urban-rural gradient in Manitoba. Ecol. Indic., 4: 1–16. doi: 

10.1016/j.ecolind.2003.08.002. 

Moser, S.E., and Obrycki, J.J. 2009. Non-target effects of neonicotinoid seed treatments; 

mortality of coccinellid larvae related to zoophytophagy. Biol. Control, 51: 487–492. doi: 

10.1016/j.biocontrol.2009.09.001. 

Mourtzinis, S., Krupke, C.H., Esker, P.D., Varenhorst, A., Arneson, N.J., Bradley, C.A., Byrne, 

A.M., Chilvers, M.I., Giesler, L.J., Herbert, A., Kandel, Y.R., Kazula, M.J., Hunt, C., 

Lindsey, L.E., Malone, S., Mueller, D.S., Naeve, S., Nafziger, E., Reisig, D.D., Ross, W.J., 

Rossman, D.R., Taylor, S., and Conley, S.P. 2019. Neonicotinoid seed treatments of 

soybean provide negligible benefits to US farmers. Sci. Rep., 9: 11207. doi: 

10.1038/s41598-019-47442-8. 

Müller, C.B., Williams, I.S., and Hardie, J. 2001. The role of nutrition, crowding and 

interspecific interactions in the development of winged aphids. Ecol. Entomol., 26: 330–

340. doi: 10.1046/j.1365-2311.2001.00321.x. 

Nicholson, C.C., and Williams, N.M. 2021. Cropland heterogeneity drives frequency and 

intensity of pesticide use. Environ. Res. Lett., 16: 074008. doi: 10.1088/1748-9326/ac0a12. 

Noma, T., and Brewer, M.J. 2008. Seasonal abundance of resident parasitoids and predatory flies 

and corresponding soybean aphid densities, with comments on classical biological control 

of soybean aphid in the midwest. J. Econ. Entomol., 101: 278–287. doi: 10.1603/0022-

0493(2008)101[278:SAORPA]2.0.CO;2. 



 

107 

 

Noma, T., Gratton, C., Colunga-Garcia, M., Brewer, M.J., Mueller, E.E., Wyckhuys, K.A.G., 

Heimpel, G.E., and O’Neal, M.E. 2010. Relationship of Soybean Aphid (Hemiptera: 

Aphididae) to Soybean Plant Nutrients, Landscape Structure, and Natural Enemies. 

Environ. Entomol., 39: 31–41. doi: 10.1603/EN09073. 

Ohnesorg, W.J., Johnson, K.D., and O’neal, M.E. 2009. Impact of reduced-risk insecticides on 

soybean aphid and associated natural enemies. J. Econ. Entomol., 102: 1816–1826. doi: 

10.1603/029.102.0512. 

Oksanen, J., Guillaume Blanchet, F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., 

Minchin, P.R., O'Hara, R.B., Simpson, G.L., Solymos, P., Henry, M., Stevens, H., Szoecs, 

E., and Wagner, H. 2019. vegan: Community Ecology Package. R package version 2.5-6. 

https://CRAN.R-project.org/package=vegan   

Östman, Ö., Ekbom, B., and Bengtsson, J. 2001. Landscape heterogeneity and farming practice 

influence biological control. Basic Appl. Ecol., 2: 365–371. doi: 10.1078/1439-1791-00072. 

Penny, N.D. 2006. Two New Species of Meleoma (Neuroptera: Chrysopidae) from Western 

North America, with a Revised Key to Species. Ann. Entomol. Soc. Am., 99: 58–63. doi: 

10.1603/0013-8746(2006)099[0058:tnsomn]2.0.co;2. 

Penny, N.D., Adams, P.A., and Stange, L.A. 1997. Species Catalog of the Neuroptera, 

Megaloptera, and Rhaphidioptera of America North of Mexico. Proc. Calif. Acad. Sci., 50: 

39–114. Available from https://www.biodiversitylibrary.org/part/51792 [accessed 10  

February  2020]. 

Perez-Alvarez, R., Nault, B.A., and Poveda, K. 2018. Contrasting effects of landscape 

composition on crop yield mediated by specialist herbivores. Ecol. Appl., 28: 842–853. doi: 

10.1002/eap.1695. 

Perović, D., Gámez-Virués, S., Börschig, C., Klein, A.-M., Krauss, J., Steckel, J., Rothenwöhrer, 

C., Erasmi, S., Tscharntke, T., and Westphal, C. 2015. Configurational landscape 

heterogeneity shapes functional community composition of grassland butterflies. J. Appl. 

Ecol., 52: 505–513. doi: 10.1111/1365-2664.12394. 

Pezzini, D.T., and Koch, R.L. 2015. Compatibility of flonicamid and a formulated mixture of 

https://cran.r-project.org/package=vegan


 

108 

 

pyrethrins and azadirachtin with predators for soybean aphid (Hemiptera: Aphididae) 

management. Biocontrol Sci. Technol., 25: 1024–1035. doi: 

10.1080/09583157.2015.1027659. 

Philip, H. 2015. Field crop and forage pests and their natural enemies in western Canada: 

Identification and management field guide. Agriculture and Agri-Food Canada. 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and R Core Team. 2019. nlme: Linear and 

Nonlinear Mixed Effects Models. R package version 3.1-139, https://CRAN.R-

project.org/package=nlme.  

Plourde, J.D., Pijanowski, B.C., and Pekin, B.K. 2013. Evidence for increased monoculture 

cropping in the Central United States. Agric. Ecosyst. Environ., 165: 50–59. doi: 

10.1016/j.agee.2012.11.011. 

Pons, X., Núñez, E., Lumbierres, B., and Albajes, R. 2005. Epigeal aphidophagous predators and 

the role of alfalfa as a reservoir of aphid predators for arable crops. Eur. J. Entomol., 102: 

519–525. doi: 10.14411/eje.2005.074. 

Poveda, K., Martínez, E., Kersch-Becker, M.F., Bonilla, M.A., and Tscharntke, T. 2012. 

Landscape simplification and altitude affect biodiversity, herbivory and Andean potato 

yield. J. Appl. Ecol., 49: 513–522. doi: 10.1111/j.1365-2664.2012.02120.x. 

R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.  

Ragsdale, D.W., Landis, D.A., Brodeur, J., Heimpel, G.E., and Desneux, N. 2011. Ecology and 

management of the soybean aphid in North America. Annu. Rev. Entomol., 56: 375–399. 

doi: 10.1146/annurev-ento-120709-144755. 

Ragsdale, D.W., McCornack, B.P., Venette, R.C., Potter, B.D., MacRae, I. V, Hodgson, E.W., 

O’Neal, M.E., Johnson, K.D., O’Neil, R.J., DiFonzo, C.D., Hunt, T.E., Glogoza, P.A., and 

Cullen, E.M. 2007. Economic threshold for soybean aphid (Hemiptera: Aphididae). J. Econ. 

Entomol., 100: 1258–1267. doi: 10.1603/0022-0493(2007)100[1258:ETFSAH]2.0.CO;2. 

Ragsdale, D.W., Voegtlin, D.J., and O’Neil, R.J. 2004. Soybean aphid biology in North America. 

Ann. Entomol. Soc. Am., 97: 204–208. doi: 10.1093/aesa/97.2.204. 

https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme


 

109 

 

Rand, T.A., Tylianakis, J.M., and Tscharntke, T. 2006. Spillover edge effects: the dispersal of 

agriculturally subsidized insect natural enemies into adjacent natural habitats. Ecol. Lett., 9: 

603–614. doi: 10.1111/j.1461-0248.2006.00911.x. 

Rand, T.A., Waters, D.K., Blodgett, S.L., Knodel, J.J., and Harris, M.O. 2014. Increased area of 

a highly suitable host crop increases herbivore pressure in intensified agricultural 

landscapes. Agric. Ecosyst. Environ., 186: 135–143. doi: 10.1016/j.agee.2014.01.022. 

Redlich, S., Martin, E.A., and Steffan-Dewenter, I. 2018. Landscape-level crop diversity benefits 

biological pest control. J. Appl. Ecol., 55: 1–10. doi: 10.1111/1365-2664.13126. 

van Rijn, P.C.J., Kooijman, J., and Wäckers, F.L. 2006. The impact of floral resources on 

syrphid performance and cabbage aphid biological control. IOBC/wprs Bull., 29: 149–152. 

van Rijn, P.C.J., Kooijman, J., and Wäckers, F.L. 2013. The contribution of floral resources and 

honeydew to the performance of predatory hoverflies (Diptera: Syrphidae). Biol. Control, 

67: 32–38. doi: 10.1016/j.biocontrol.2013.06.014. 

Ríos Martínez, A.F., and Costamagna, A.C. 2017. Dispersal to predator-free space 

counterweighs fecundity costs in alate aphid morphs. Ecol. Entomol., 42: 645–656. doi: 

10.1111/een.12427. 

Ríos Martínez, A.F., and Costamagna, A.C. 2018. Effects of crowding and host plant quality on 

morph determination in the soybean aphid, Aphis glycines. Entomol. Exp. Appl., 166: 53–

62. doi: 10.1111/eea.12637. 

Ritchie, S.W., Hanway, J.J., Thompson, H.E.1985. How a soybean plant develops. Iowa State 

University of Science and Technology, Cooperative Extension Service. 

http://publications.iowa.gov/14855/1/1985%20How%20a%20Soybean%20Plant%20Devel

ops.pdf   

Rodríguez-Gasol, N., Alins, G., Veronesi, E.R., and Wratten, S. 2020. The ecology of predatory 

hoverflies as ecosystem-service providers in agricultural systems. Biol. Control, 151: 

104405. doi: 10.1016/j.biocontrol.2020.104405. 

Root, R.B. 1973. Organization of a plant‐arthropod association in simple and diverse habitats: 

the fauna of collards (Brassica oleracea). Ecol. Monogr., 43: 95–124. 

http://publications.iowa.gov/14855/1/1985%20How%20a%20Soybean%20Plant%20Develops.pdf
http://publications.iowa.gov/14855/1/1985%20How%20a%20Soybean%20Plant%20Develops.pdf


 

110 

 

Rusch, A., Bommarco, R., and Ekbom, B. 2017. Conservation Biological Control in Agricultural 

Landscapes. In Advances in Botanical Research. Elsevier Ltd, p. doi: 

10.1016/bs.abr.2016.11.001. 

Rusch, A., Chaplin-Kramer, R., Gardiner, M.M., Hawro, V., Holland, J., Landis, D., Thies, C., 

Tscharntke, T., Weisser, W.W., Winqvist, C., Woltz, M., and Bommarco, R. 2016. 

Agricultural landscape simplification reduces natural pest control: A quantitative synthesis. 

Agric. Ecosyst. Environ., 221: 198–204. doi: 10.1016/j.agee.2016.01.039. 

Samaranayake, K.G.L.I. 2017. Soybean aphid suppression and natural enemy movement in 

agricultural landscapes in Manitoba. MSc. Thesis. University of Manitoba, Canada.  

Samaranayake, K.G.L.I., and Costamagna, A.C. 2018. Levels of predator movement between 

crop and neighboring habitats explain pest suppression in soybean across a gradient of 

agricultural landscape complexity. Agric. Ecosyst. Environ., 259: 135–146. doi: 

10.1016/j.agee.2018.03.009. 

Samaranayake, K.G.L.I., and Costamagna, A.C. 2019. Adjacent habitat type affects the 

movement of predators suppressing soybean aphids. PLoS One, 14: 1–20. doi: 

doi.org/10.1371/journal.pone.0218522. 

Schellhorn, N.A., Bianchi, F.J.J.A., and Hsu, C.L. 2014. Movement of entomophagous 

arthropods in agricultural landscapes: links to pest suppression. Annu. Rev. Entomol., 59: 

559–581. doi: 10.1146/annurev-ento-011613-161952. 

Schellhorn, N.A., Gagic, V., and Bommarco, R. 2015. Time will tell: resource continuity bolsters 

ecosystem services. Trends Ecol. Evol., 30: 524–530. doi: 10.1016/j.tree.2015.06.007. 

Schmidt, N.P., O’Neal, M.E., and Singer, J.W. 2007. Alfalfa living mulch advances biological 

control of soybean aphid. Environ. Entomol., 36: 416–424. doi: 10.1603/0046-

225X(2007)36[416:ALMABC]2.0.CO;2. 

Seagraves, M.P. 2009. Lady beetle oviposition behavior in response to the trophic environment. 

Biol. Control, 51: 313–322. doi: 10.1016/j.biocontrol.2009.05.015. 

Seagraves, M.P., and Lundgren, J.G. 2012. Effects of neonicitinoid seed treatments on soybean 

aphid and its natural enemies. J. Pest Sci. (2004)., 85: 125–132. doi: 10.1007/s10340-011-



 

111 

 

0374-1. 

Shipley, B. 2016. Cause and correlation in biology: a user’s guide to path analysis, structural 

equations and causal inference with R (second edition). Cambridge University Press, 

Cambridge.    

Sirami, C., Gross, N., Baillod, A.B., Bertrand, C., Carrié, R., Hass, A., Henckel, L., Miguet, P., 

Vuillot, C., Alignier, A., Girard, J., Batáry, P., Clough, Y., Violle, C., Giralt, D., Bota, G., 

Badenhausser, I., Lefebvre, G., Gauffre, B., Vialatte, A., Calatayud, F., Gil-Tena, A., 

Tischendorf, L., Mitchell, S., Lindsay, K., Georges, R., Hilaire, S., Recasens, J., Solé-

Senan, X.O., Robleño, I., Bosch, J., Barrientos, J.A., Ricarte, A., Marcos-Garcia, M.Á., 

Miñano, J., Mathevet, R., Gibon, A., Baudry, J., Balent, G., Poulin, B., Burel, F., 

Tscharntke, T., Bretagnolle, V., Siriwardena, G., Ouin, A., Brotons, L., Martin, J.L., and 

Fahrig, L. 2019. Increasing crop heterogeneity enhances multitrophic diversity across 

agricultural regions. Proc. Natl. Acad. Sci. U. S. A., 116: 16442–16447. doi: 

10.1073/pnas.1906419116. 

Skevington, J., Locke, M., Young, A., Moran, K., Crins, W. and Marshall, S. (2019). Field Guide 

to the Flower Flies of Northeastern North America. Princeton: Princeton University 

Press. https://doi.org/10.1515/9780691192512  

Soy Canada, 2022. At a Glance: Canadian Soybean Industry. [online] Available from 

https://soycanada.ca/statistics/at-a-glance/ [accessed 05 April 2022]. 

Stack Whitney, K., Meehan, T.D., Kucharik, C.J., Zhu, J., Townsend, P.A., Hamilton, K., and 

Gratton, C. 2016. Explicit modeling of abiotic and landscape factors reveals precipitation 

and forests associated with aphid abundance. Ecol. Appl., 26: 2600–2610. doi: 

10.1002/eap.1418. 

Statistics Canada, 2022. Table 32-10-0359-01. Estimated areas, yield, production, average farm 

price and total farm value of principal field crops, in metric and imperial units. [online] 

Available from https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901 

[accessed 05 April 2022].  

Thies, C., and Tscharntke, T. 1999. Landscape structure and biological control in 

https://doi.org/10.1515/9780691192512
https://soycanada.ca/statistics/at-a-glance/
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901


 

112 

 

agroecosystems. Science (80-. )., 285: 893–895. Available from 

http://www.jstor.org/stable/2898602. 

Thomine, E., Mumford, J., Rusch, A., and Desneux, N. 2022. Using crop diversity to lower 

pesticide use: Socio-ecological approaches. Sci. Total Environ., 804: 150156. doi: 

10.1016/j.scitotenv.2021.150156. 

Tilmon, K.J., Michel, A., and O’Neal, M.E. 2021. Aphid resistance is the future for soybean 

production, and has been since 2004: efforts towards a wider use of host plant resistance in 

soybean. Curr. Opin. Insect Sci., 45: 53–58. doi: 10.1016/j.cois.2021.01.003. 

Tooker, J.F., Hauser, M., and Hanks, L.M. 2006. Floral Host Plants of Syrphidae and Tachinidae 

(Diptera) of Central Illinois. Ann. Entomol. Soc. Am., 99: 96–112. doi: 10.1603/0013-

8746(2006)099[0096:FHPOSA]2.0.CO;2. 

Tscharntke, T., Bommarco, R., Clough, Y., Crist, T.O., Kleijn, D., Rand, T.A., Tylianakis, J.M., 

van Nouhuys, S., and Vidal, S. 2007. Conservation biological control and enemy diversity 

on a landscape scale. Biol. Control, 43: 294–309. doi: 10.1016/j.biocontrol.2007.08.006. 

Tscharntke, T., Karp, D.S., Chaplin-Kramer, R., Batáry, P., DeClerck, F., Gratton, C., Hunt, L., 

Ives, A., Jonsson, M., Larsen, A., Martin, E.A., Martínez-Salinas, A., Meehan, T.D., 

O’Rourke, M., Poveda, K., Rosenheim, J.A., Rusch, A., Schellhorn, N., Wanger, T.C., 

Wratten, S., and Zhang, W. 2016. When natural habitat fails to enhance biological pest 

control – Five hypotheses. Biol. Conserv., 204: 449–458. doi: 

10.1016/j.biocon.2016.10.001. 

Tscharntke, T., Rand, T.A., and Bianchi, F.J.J.A. 2005. The landscape context of trophic 

interactions: insect spillover across the crop-noncrop interface. Ann. Zool. Fennici, 42: 

421–432. Available from http://www.scopus.com/inward/record.url?eid=2-s2.0-

22544437467&partnerID=tZOtx3y1. 

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batáry, P., Bengtsson, J., 

Clough, Y., Crist, T.O., Dormann, C.F., Ewers, R.M., Fründ, J., Holt, R.D., Holzschuh, A., 

Klein, A.M., Kleijn, D., Kremen, C., Landis, D.A., Laurance, W., Lindenmayer, D., 

Scherber, C., Sodhi, N., Steffan-Dewenter, I., Thies, C., van der Putten, W.H., and 



 

113 

 

Westphal, C. 2012. Landscape moderation of biodiversity patterns and processes - eight 

hypotheses. Biol. Rev., 87: 661–685. doi: 10.1111/j.1469-185X.2011.00216.x. 

USDA, 2022. World Agriculture Production. [online] Available from 

https://apps.fas.usda.gov/psdonline/circulars/production.pdf [accessed 05 April 2022]. 

Venette, R.C., and Ragsdale, D.W. 2004. Assessing the invasion by soybean aphid (Homoptera: 

Aphididae): where will it end? Ann. Entomol. Soc. Am., 97: 219–226. doi: 

10.1093/aesa/97.2.219. 

Veres, A., Petit, S., Conord, C., and Lavigne, C. 2013. Does landscape composition affect pest 

abundance and their control by natural enemies? A review. Agric. Ecosyst. Environ., 166: 

110–117. doi: 10.1016/j.agee.2011.05.027. 

Villegas, C.M., Verdugo, J.A., Grez, A.A., Tapia, J., and Lavandero, B. 2013. Movement 

between crops and weeds: temporal refuges for aphidophagous insects in Central Chile. 

Cienc. e Investig. Agrar., 40: 317–326. doi: 10.4067/s0718-16202013000200007. 

Vockeroth, J.R. (1992). The flower flies of the subfamily Syrphinae of Canada, Alaska, and 

Greenland. Canada Communication Group Publishing, Ontario, Canada.   

Voegtlin, D.J., O’Neil, R.J., Graves, W.R., Lagos, D., and Yoo, H.J.S. 2006. Potential winter 

hosts of soybean aphid. Ann. Entomol. Soc. Am., 98: 690–693. doi: 10.1603/0013-

8746(2005)098[0690:pwhosa]2.0.co;2. 

Wäckers, F.L., van Rijn, P.C.J., and Heimpel, G.E. 2008. Honeydew as a food source for natural 

enemies: Making the best of a bad meal? Biol. Control, 45: 176–184. doi: 

10.1016/j.biocontrol.2008.01.007. 

van der Werf, W., Evans, E.W., and Powell, J. 2000. Measuring and modelling the dispersal of  

Coccinella septempunctata  (Coleoptera: Coccinellidae) in alfalfa fields. Eur. J. Entomol., 

97: 487–493. doi: 10.14411/eje.2000.075. 

Woltz, M.J., Isaacs, R., and Landis, D.A. 2012. Landscape structure and habitat management 

differentially influence insect natural enemies in an agricultural landscape. Agric. Ecosyst. 

Environ., 152: 40–49. doi: 10.1016/j.agee.2012.02.008. 

https://apps.fas.usda.gov/psdonline/circulars/production.pdf


 

114 

 

Woltz, M.J., and Landis, D.A. 2013. Coccinellid immigration to infested host patches influences 

suppression of  Aphis glycines  in soybean. Biol. Control, 64: 330–337. doi: 

10.1016/j.biocontrol.2012.11.012. 

Woltz, M.J., and Landis, D.A. 2014. Coccinellid response to landscape composition and 

configuration. Agric. For. Entomol., 16: 341–349. doi: 10.1111/afe.12064. 

Wu, Z., Schenk-Hamlin, D., Zhan, W., Ragsdale, D.W., and Heimpel, G.E. 2004. The soybean 

aphid in China: a historical review. Ann. Entomol. Soc. Am., 97: 209–218. doi: 

10.1093/aesa/97.2.209. 

Ximenez-Embun, M.G., Zaviezo, T., and Grez, A. 2014. Seasonal, spatial and diel partitioning of  

Acyrthosiphon pisum  (Hemiptera: Aphididae) predators and predation in alfalfa fields. 

Biol. Control, 69: 1–7. doi: 10.1016/j.biocontrol.2013.10.012. 

Zhang, Y., Haan, N.L., and Landis, D.A. 2020. Landscape composition and configuration have 

scale-dependent effects on agricultural pest suppression. Agric. Ecosyst. Environ., 302: 

107085. doi: 10.1016/j.agee.2020.107085. 

Zuur, A.F., Ieno, E.N., and Elphick, C.S. 2010. A protocol for data exploration to avoid common 

statistical problems. Methods Ecol. Evol., 1: 3–14. doi: 10.1111/j.2041-210x.2009.00001.x. 

 

 

 

 

 

 

 


	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF SUPPLEMENTARY TABLES AND FIGURES
	CHAPTER 1: INTRODUCTION
	CHAPTER 2: LITERATURE REVIEW
	Soybean
	In Asia and North America

	Soybean aphids
	Invasion and distribution in North America
	Biology and hosts
	Aphid injury to soybean

	Soybean aphid management strategies
	Chemical control
	Resistant soybean varieties
	Biological control

	Soybean aphid natural enemies
	Soybean aphid predators
	Soybean aphid parasitoids

	Natural enemy movement in agricultural landscapes
	Effects of landscape structure on agroecosystems
	Impact of non-crop habitat on pests and natural enemies
	Impacts of landscape composition on pests and natural enemies
	Impacts of landscape configuration on pests and natural enemies

	Effects of landscape structure on pests and natural enemies in soybean

	CHAPTER 3: COMPLEMENTARY EFFECTS OF CROP DIVERSITY AND EDGE DENSITY ON PEST SUPPRESSION IN OUTBREAK AND NON-OUTBREAK YEARS
	Abstract
	Introduction
	Materials and methods
	Site selection
	Sampling field aphid populations
	Pest suppression experiment
	Predator sampling
	Landscape quantification
	Statistical analysis

	Results
	Aphid field plant populations
	Natural enemies in soybean
	Predator immigration
	Aphid suppression
	Direct and indirect effects of landscape heterogeneity on aphid suppression

	Discussion
	Effects of landscape heterogeneity
	Effect of pest abundance on the natural enemy community

	Conclusions and management implications

	CHAPTER 4: THE ROLE OF ADJACENT HABITATS AND APHID ABUNDANCE ON PREDATOR MOVEMENT DURING AN APHID OUTBREAK
	Abstract
	Introduction
	Materials and methods
	Site selection
	Insect sampling
	Statistical analysis

	Results
	Discussion

	CHAPTER 5: GENERAL DISCUSSION
	Future direction

	LITERATURE CITED

