
  

 
 
 
 
 

 ABSTRACT 

 
 
 

 
Title of Dissertation: UNDERSTANDING NON-TARGET 

INSECTICIDE IMPACTS AND 
OPPORTUNITIES FOR BIOLOGICAL 
CONTROL IN FIELD CORN 

  
 Maria Cramer, Doctor of Philosophy, 2024 

  
Dissertation directed by: Dr. Kelly Hamby, Department of Entomology 
 
 

 

Natural enemies can be important regulators of pest populations, replacing chemical 

pesticides, or where compatible complementing them. To effectively incorporate these biological 

control services into crop production, we need to understand how pesticides and other 

management practices impact natural enemies, pests, and their interactions with one another. 

Using Mid-Atlantic field corn production systems, I evaluated at-planting insecticides and 

transgenic Bt corn hybrids as tools for insect pest control. In addition, I quantified their impact 

on predation and on carabid beetle communities. Carabid beetles may be important predators of 

pest slugs; therefore, I also examined carabid-slug interactions. Finally, I investigated whether a 

novel pest-management technique (RNAi) could travel up the food chain through pests to 

predators. At-planting insecticides provided limited pest-management benefits in a three-year 

field study across Maryland, suggesting that their use could be scaled back to reduce 



  

environmental and economic costs. Field and lab experiments revealed carabid beetles are 

diverse and abundant in corn fields, and a slug predatory carabid species may exert non-

consumptive effects on a pest slug. Finally, I determined that a predatory lady beetle species is 

likely less susceptible to RNAi oral exposure in the adult stage. However, RNAi may still pose 

risks to predators via trophic exposure. My work supports the adoption of current and future corn 

pest management practices that protect natural enemies, enhancing biological control ecosystem 

services and their associated environmental benefits.  
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 Preface 

 

This dissertation is comprised of two manuscripts in various stages of submission, 

and of one chapter written specifically for the dissertation. Chapter 1 has been 

submitted to Pest Management Science and is currently in review. Chapter 2 is in 

preparation for Agriculture, Ecosystems, and the Environment. Chapter 3 is specific 

to this dissertation.  
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Appendix C, Fig. S4. 5’ (1 and 2) and 3’ (3) RACE PCR reactions targeting C. 
maculata even-skipped. Band b of the 3’ reaction shows a product that is 
approximately the target size (500-700 bp). 5’ reactions do not have products. The 3’ 
sample is the product of a 50 μL reaction containing 25 μL seq amp buffer, 5 μL 
universal primer mix (UPM), 1 μL 3’ RACE forward primer, 2.5 μL RACE cDNA 
template (0-24 h AEL C. maculata embryos), and 1 μL seq amp polymerase. PCR 
was performed with the following program: 2 minutes of denaturing at 94° C, 
followed by 35 cycles of 98° C for 30 s, 69° C for 30, and 72° C for 2 minutes, and 
ending with 3 minutes of extension at 72° C. 5 μL of the reaction was run alongside a 
1 kb plus DNA ladder (GeneRuler) on a 1% agarose gel..........................................114
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 General Introduction 

 
While improving the sustainability of agriculture is always important, 

reducing the environmental impact of pest management is uniquely vital in Maryland 

field corn production. Although Maryland is one of the smaller states for corn 

production in the United States (Reisig et al. 2024), accounting for only about 0.5% 

of United States corn acreage from 2021-2023, and proportionally similar yield (0.44-

0.48% of US corn grain yields) (USDA/NASS 2024), Maryland’s corn production is 

almost entirely located in the environmentally-sensitive Chesapeake Bay watershed. 

About 12% of Maryland’s land is planted in corn and soybeans, and roughly 75% of 

this acreage is located in counties directly bordering the bay (USDA/NASS 2022a). 

While reducing nutrient runoff into the Chesapeake Bay is an important and primary 

focus of agricultural management in the watershed (Beegle 2013; Bosch et al. 2018), 

insecticide pollution can also damage bodies of water (Hallmann et al. 2014; Stehle 

and Schulz 2015; Huff Hartz et al. 2017). Even as the volume of insecticide runoff 

entering the Chesapeake has decreased in recent decades, toxicity has increased 

(Hartwell 2011), following trends in insecticide use and toxicology throughout the 

country (Douglas et al. 2020). Maryland also has the 5th highest population density of 

US states (https://www.census.gov/quickfacts/geo/chart/MD/POP060220), so that the 

interface between agriculture and people is extensive. Human health can be 

negatively impacted by insecticides, even by low mammalian-risk insecticides like 

neonicotinoids (Thompson et al. 2020), and the proximity of people to agricultural 
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sites may facilitate exposures. In this context, looking for alternatives to a default 

reliance on insecticides is important for Maryland agriculture. 

 Integrated pest management (IPM) provides an alternative to relying solely on 

insecticides (Shields et al. 2019). In IPM, multiple strategies are used to prevent 

economically-damaging pest populations, taking advantage of the factors that limit 

pest populations in unmanaged ecosystems such as natural enemies (Stern et al. 1959; 

Gray 2011; Pedigo et al. 2021). In conservation biocontrol, practices are chosen that 

preserve and strengthen already-existing populations of natural enemies, in turn 

preventing outbreaks of pests (Pedigo et al. 2021). Conservation biological control 

can be combined with traditional chemical pest management, but success requires a 

thorough understanding of both the pest and natural enemies in a system, their 

interactions, and their responses to management practices (Stern et al. 1959). 

In addition to the unique position of Maryland crop production from a 

geographic and demographic standpoint, commonly-used agriculture practices in the 

state present opportunities for implementing strategies like conservation biological 

control. Maryland has high adoption rates of agronomic practices that can favor 

natural enemies. As a response to the vulnerability of the Chesapeake Bay to runoff, 

Mid-Atlantic growers have been incentivized to practice conservation tillage and 

cover cropping for decades (Wallace et al. 2017). In Maryland, about twelve times as 

much acreage is managed with no- or reduced tillage as is managed with conventional 

tillage (USDA/NASS 2022b) and the state has some of the highest rates of cover 

cropping in the country (Rowen and Tooker 2021). Reduced tillage is associated with 

increases in natural enemy populations (Clark et al. 2006; Tamburini et al. 2016; 
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Jacobsen et al. 2022), although this pattern is affected by the niches the natural 

enemies occupy (e.g. foliar versus epigeal insects) (Rowen et al. 2020; Sacco–Martret 

de Préville et al. 2022). Cover crops can also support natural enemies (Bowers et al. 

2020), and this has been specifically demonstrated in Mid-Atlantic corn and soybeans 

(Rowen et al. 2022). Based on the wide of adoption of conservation practices 

associated with increases in natural enemy populations, Maryland growers likely 

already benefit from naturally-occurring biological control. 

 While popular soil conservation practices can preserve natural enemies, some 

of this benefit may be undermined by widespread preventative insecticide-use. Corn 

growers across the United States routinely use preventative pest management 

strategies regardless of their specific pest pressure (Tooker et al. 2017; Papiernik et 

al. 2018; Hurley and Sun 2019). Based on this widespread use and the lack of 

research on these insecticides under Mid-Atlantic pest pressure, my first objective 

was to determine the value of two common preventative insecticide treatments, in-

furrow pyrethroids and neonicotinoid seed treatments, for Mid-Atlantic field corn 

production. As these treatments are generally studied in Bt corn which has 

incorporated resistance to lepidopteran pests and may not benefit from additional 

layers of protection, I tested the insecticide treatments in both Bt and non-Bt corn in 

my three-year field study. In Chapter 1: For both Bt and conventional non-Bt corn in 

the Mid-Atlantic, preventative insecticides reduce damage, but do not increase yields, 

I showed that in-furrow pyrethroid treatments and neonicotinoid seed treatments 

provided inconsistent reductions in sub-economic pest damage and never increased 

yields for growers. While in-furrow pyrethroids and neonicotinoid seed treatments 
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often have inconsistent pest control and yield benefits (North et al. 2018; Labrie et al. 

2020; Cook et al. 2021; Bekelja et al. 2023b, 2023a), my work indicated that these 

treatments did not provide a benefit even in non-Bt corn. By studying these 

insecticides in Mid-Atlantic corn production over many sites and years, I was able to 

demonstrate that “universal management” strategies should not be universalized to 

Maryland. Without a specific pest concern, growers can substantially reduce their at-

planting insecticide-use, improving their economic and environmental sustainability. 

 While I assessed the value of preventative insect management in Chapter 1, 

my subsequent objectives were to address non-target risks that might impact 

conservation biological control in corn systems. For Chapter 2: Can predatory 

carabids reduce slug damage in field corn production systems? I investigated how 

carabid beetle predators interact with slugs. Slugs are a recurring problem in the Mid-

Atlantic, where high rates of no-till favor their populations and activity (Douglas and 

Tooker 2012). Because chemical management for slugs tends to be expensive and 

difficult to use, biocontrol presents an especially important alternative (Douglas and 

Tooker 2012; Le Gall and Tooker 2017). Many carabid beetles predate on slugs 

(Harper et al. 2005; Eskelson et al. 2011; Douglas et al. 2015) and their populations in 

agricultural fields are inversely linked (Douglas et al. 2015; Hill et al. 2017; Mugala 

et al. 2023). In order to determine if slugs can detect and avoid carabid predators, 

which has been supported by studies with European species (Armsworth et al. 2005; 

Bursztyka et al. 2013, 2016), I conducted a laboratory bioassay testing slug responses 

to chemical cues from common predatory carabids. I also overlaid slug biocontrol 

sampling on the three-year field study in Chapter 1, sampling carabid activity-
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abundance at the species level, predation, slug activity-abundance, and slug damage. 

These lab and field studies provided evidence that the slug predator Chlaenius 

tricolor is avoided by slugs and also showed that carabids, especially predatory 

species, were abundant in corn fields. Carnivorous carabid species often dominated 

communities, and were unimpacted by the insecticide treatments. As expected in a 

system where top-down forces may control pest populations, predation on sentinel 

prey, slug activity-abundance, and slug damage to seedlings were all similarly 

unaffected. These results contrast with other studies where granular pyrethroids 

(Bhatti et al. 2006) or neonicotinoid seed treatments (Douglas et al. 2015; Disque et 

al. 2019) disrupted carabid populations. While my predator populations were resilient 

to non-target effects, it is important to remember that plot size and nearby refuges in 

the landscape can influence carabid resiliency to insecticides (Lee et al. 2001). As 

growers search for effective ways to manage slug damage in their corn and soybean 

crops, these results suggest that biocontrol by carabids are already taking place. 

Despite the lack of treatment effects in this study, broad-spectrum insecticides can 

disrupt carabid populations (Douglas et al. 2015; Hill et al. 2017; Maksimovich et al. 

2023). Based on the lack of insect pests and yield benefits that I observed in Chapter 

1, at-planting insecticides could be avoided in most cases, potentially reducing 

impacts on slug predators. 

 Finally, non-target risk assessment is as important in novel pest-management 

strategies as in traditional chemical applications, and this was the focus of my third 

objective. In Chapter 3: Trophic RNAi exposure risks for a beneficial coccinellid in 

corn, I attempted to test whether novel RNA interference (RNAi) could travel up a 
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food chain and harm predators. Although RNAi is a technology that allows targeted 

gene-silencing, sometimes non-target species can be negatively impacted by ingesting 

dsRNA meant for pests (Haller et al. 2019; Pan et al. 2020). While RNAi has been 

commercialized in a transgenic corn variety where it should be restricted to 

herbivores that feed on the plant, in some cases insecticides can travel through 

herbivores to their predators (Bredeson et al. 2015; Douglas et al. 2015). In order to 

test the risk of this exposure pathway, I performed experiments using a worst-case 

scenario exposing Coleomegilla maculata, an important predator in field corn 

systems, to aphid prey injected with dsRNA targeting an essential C. maculata gene. I 

failed to detect trophic risks, and found that the adult beetles used in my study were 

not sensitive to oral dsRNA. Recent work has shown that plant-expressed dsRNA 

targeting aphid genes can pass to lady beetles via their aphid prey (Feng et al. 2023), 

emphasizing the importance and urgency of this area of non-target testing. Despite 

not answering the research question I set out to address, I gained important insights 

about my model system and how to conduct similar experiments going forward. 

  Through the objectives of this dissertation, I provide a more complete 

understanding of the ways that preventative pest management tactics can affect 

conservation biological control in field corn. Overall, I showed that preventative 

strategies should be chosen carefully based on predicted pest pressure and the role of 

natural enemies in pest regulation. I discuss the practical implication for growers, 

including their ability to make IPM-based decisions, and ultimately call for greater 

transparency from seed suppliers. Insecticides and hybrids with plant-incorporated-

protectants are valuable tools that growers can integrate to meet dynamic pest 
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management challenges, but in order to do this, products must be offered rather than 

forced on growers. In order to increase the sustainability of Mid-Atlantic field corn 

production, fully customizable pest management and a reduced reliance on 

preventative measures are critical. 
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Chapter 1: For both Bt and conventional non-Bt corn in the 

Mid-Atlantic, preventative insecticides reduce damage, but do 

not increase yields 

Abstract 

Field corn production systems rely on preventative insect management tactics, 

including hybrids expressing plant incorporated protectants that are treated with 

neonicotinoid seed treatments, and sometimes in-furrow pyrethroids. While effective 

seedling pest control can be crucial because of the cost of replanting, these treatments 

overlap each other in targeting many of the same pests and may add unnecessary 

costs for growers. Further, seedling pests in the Mid-Atlantic tend to be sporadic, and 

preventative insecticides may negatively impact natural enemies. To better 

understand the value of common preventative tactics, I evaluated pest pressure and 

compared a neonicotinoid seed treatment (clothianidin) and an in-furrow pyrethroid 

(bifenthrin) in Bt and non-Bt corn hybrids. In Bt hybrids, the in-furrow pyrethroid did 

not decrease pest damage, increase stand, or increase yield, while the neonicotinoid 

seed treatment decreased pest damage and increased stand, but did not increase yield. 

In a non-Bt hybrid, both insecticides decreased pest damage, but neither increased 

stand or yield. Above- and below-ground pest damage was scarce throughout the 

study, but even in the site-year with the most extensive damage, insecticides did not 

result in yield gains. Implementing efficient economically and environmentally 

sustainable corn pest management requires a thorough understanding of the 

contributions of each component of the pest control system. By thoroughly exploring 
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pest pressure in Bt and non-Bt systems, this study shows that insect pests are not 

sufficiently abundant to warrant preventative insecticides, especially given their 

environmental and economic costs.    

Introduction 

Integrated pest management (IPM) has been an invaluable alternative to 

routine insecticide-applications in agriculture since the mid-1900s, but has been 

weakened in recent decades by the widespread use of preventative management 

tactics, especially for early season pests in field corn (Gray 2011; Peterson et al. 

2018; Hurley and Sun 2019; Pecenka et al. 2021). In an IPM framework, a variety of 

tactics are used to keep pests below economically-damaging levels. Chemical 

controls are usually reserved for situations where the pest damage, determined 

through monitoring, will outweigh the cost of intervention (Stern et al. 1959). This 

approach reduces insecticide-use and decreases input costs, health risks for growers 

and consumers, and contamination in the environment (Stern et al. 1959; Pedigo and 

Higley 1992). It is also key for preserving non-target and beneficial organisms in 

agricultural ecosystems, which provide essential functions, including their own pest-

control services (Stern et al. 1959). While preventative treatments can be compatible 

with IPM when rescue treatments are not possible and pests are predictably damaging 

(Papiernik et al. 2018), applying insecticides as “insurance” when yield-limiting pest 

pressure is not expected does not follow IPM principles (Stern et al. 1959). 

Preventative pest management for early-season pests, characterized as “one size fits 

all,” has become widespread for field corn across the United States, regardless of the 
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category into which the pest pressure in a system or region falls (Tooker et al. 2017; 

Papiernik et al. 2018; Hurley and Sun 2019; Bekelja et al. 2023b).  

The primary approaches that make up the “one size fits all” early season pest 

management package are corn hybrids with incorporated protectants sourced from 

Bacillus thuringiensis (Bt) bacteria, and neonicotinoid seed treatments (Hurley and 

Sun 2019; Bekelja et al. 2023b). Pyrethroids, often as in-furrow formulas, may be 

applied in addition (North et al. 2018; Bryant and Taylor 2021). Bt corn expressing 

lepidopteran-targeting proteins was developed and introduced in 1996 in response to 

the serious stalk pest Ostrinia nubialis (Hübner) (European corn borer) and it 

continues to be effective in preventing damage from this pest in the United States 

(Chen et al. 2016; Dively et al. 2023; Gassmann and Reisig 2023). Other Bt proteins 

were subsequently introduced, expanding Bt corn resistance to a greater range of 

lepidopteran pests occurring throughout the growing season (Wu et al. 2009; Kullik et 

al. 2011; Rule et al. 2014; Hurley and Sun 2019). Increases in Bt corn adoption have 

been associated with declining use of many traditional insecticides (Perry et al. 2016; 

Gassmann and Reisig 2023). However, while Bt corn acreage has grown nationally, 

so has the use of neonicotinoid seed treatments and pyrethroids (Douglas et al. 2020). 

Neonicotinoid seed treatments are applied in increasing amounts to nearly all non-

organic corn seed sold in the United States (Douglas and Tooker 2015; Tooker et al. 

2017; Douglas et al. 2020). Neonicotinoids are systemic, and seed treatments can 

protect the entire seedling (Jeschke et al. 2011), although they only protect against 

early season pests (Alford and Krupke 2017). Above-ground pests targeted by 

neonicotinoid seed treatments include a host of pests from different orders: 
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lepidopteran, coleopteran, and hemipteran pests that vary in their importance, but tend 

to be secondary pests (Jeschke et al. 2011). Soil pest targets include Diabrotica spp. 

(western, northern, and southern corn rootworm), wireworms (Coleoptera: 

Elateridae), whitegrubs (Coleoptera: Scarabaeidae), and Delia platura (Meigen) (seed 

corn maggot) (Jeschke et al. 2011). While most foliar pests can be managed with 

scouting and rescue treatments (Sappington et al. 2018), soil pests are hard to scout 

for, cannot be managed with rescue treatments, and may cause costly replanting, all 

factors that motivate and might justify preventative use (North et al. 2018). At-

planting pyrethroids can be used as a substitute or in addition to neonicotinoid seed 

treatments (Kathage et al. 2018). They target many of the same pests, and additionally 

are marketed for lepidopteran pests in the armyworm species complex (Lepidoptera: 

Noctuidae) (https://ag.fmc.com/us/en/plant/capture-lfr-insecticide; 

https://www.syngenta-us.com/insecticides/force-6.5g). By combining these 

approaches, growers manage early season above- and below-ground corn pests, 

although without customization based on their regional or individual needs (Tooker et 

al. 2017; Hurley and Sun 2019).  

At a national level, at-planting insecticides provide inconsistent pest control 

and yield, and they may be even less well-suited to Mid-Atlantic no-till agriculture. 

Across many studies, in-furrow pyrethroids have sometimes reduced pest damage, but 

have not been shown to increase yield (Reisig and Goldsworthy 2017; Bateman et al. 

2021; Bryant and Taylor 2021; Bekelja et al. 2023a; McManus et al. 2023), while 

neonicotinoid seed treatments sometimes increase yield (Cox et al. 2007b; Obopile et 

al. 2013; Alford and Krupke 2018; Ding et al. 2018), but benefits are inconsistent 
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across years and sites (Del Pozo-Valdivia et al. 2018; North et al. 2018; Bryant and 

Taylor 2021). In other cases, neonicotinoid seed treatments simply do not improve 

yield (Cox et al. 2007a; Dubey et al. 2020; Labrie et al. 2020; Bekelja et al. 2023a). 

Many of the yield-limiting early-season pests that neonicotinoids successfully control 

do not occur in the Mid-Atlantic or occur in the region only sporadically (Sappington 

et al. 2018). For example, neonicotinoid seed treatments sometimes improved yields 

when fields were infested with Diabrotica virgifera virgifera (LeConte) and D. 

undecimpunctata howardi (Barber) (western and southern corn rootworm) (Obopile 

et al. 2013; Alford and Krupke 2018; North et al. 2018; Cook et al. 2021), but these 

pests are scarce in the Mid-Atlantic. In the south, yield improvements were linked to 

neonicotinoid seed treatments controlling several other pests, including Blissus spp. 

(chinch bugs) and various stink bugs (Wilde et al. 2004; Bryant and Taylor 2021), but 

these pests do not or uncommonly occur in the Mid-Atlantic during the seedling stage 

when treatments are active.  

The seedling corn pests that do occur in the Mid-Atlantic tend to be of mixed 

importance for growers and may not necessarily be best addressed with current 

management packages. Historically, caterpillars in the armyworm and cutworm 

species complexes were problematic for growers (Harrison et al. 1980), but they are 

no longer a main concern, likely due to a mix of Bt adoption, weed management, and 

neonicotinoid seed treatments (Kullik et al. 2011; Sappington et al. 2018; Walter et al. 

2020). Wireworms and white grubs can be damaging (Youngman et al. 1993; Jordan 

et al. 2012; Sappington et al. 2018), but neither neonicotinoids nor in-furrow 

pyrethroids consistently increase yields when these pests are present (Jordan et al. 
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2012; Reisig and Goldsworthy 2017; Rowen et al. 2022; Bekelja et al. 2023a). In fact, 

rather than any one insect pest, slugs tend to be the most concerning early season pest 

for Mid-Atlantic growers (Douglas and Tooker 2012; Regan et al. 2020). Slugs are 

not controlled, and may even be exacerbated, by broad spectrum insecticides 

(Douglas and Tooker 2012; Douglas et al. 2015). The lack of consistently-damaging 

insect pests leaves at-planting insecticides without an obvious target in the Mid-

Atlantic. 

Beyond regional variation, hybrid susceptibility is a driver of pest pressure 

that may influence the need for pest management. Although lepidopteran-traited Bt 

corn is widely planted, requirements for non-Bt refuge to manage resistance 

development paired with the higher cost of Bt seed (Coulter et al. 2010; Chen et al. 

2016; Gassmann and Reisig 2023) can lead growers to plant non-Bt corn. With 

different host-plant susceptibility, Bt and non-Bt corn constitute different production 

systems, but studies on the efficacy of at-planting insecticides have been concentrated 

largely in lepidopteran-targeting Bt corn (Dubey et al. 2020; Bryant and Taylor 2021; 

Bekelja et al. 2023a; McManus et al. 2023) or in unspecified hybrids (Reisig and 

Goldsworthy 2017; North et al. 2018; Bateman et al. 2021), where resistance to a 

suite of caterpillar pests could mask insecticide efficacy. In managing Diabrotica 

spp., neonicotinoid seed treatments helped protect non-Bt corn and corn containing 

ineffective Bt traits (due to evolved resistance) from Diabrotica spp. damage 

(Obopile et al. 2013; Mollet et al. 2019), suggesting treatments can be effective when 

they are not redundant. On the other hand, regional suppression of lepidopteran pests 

by Bt corn can drastically reduce pest pressure in non-Bt corn even though it lacks 
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resistance (Hutchinson et al. 2010; Dively et al. 2018). Because most studies on the 

efficacy of at-planting insecticides pair treatments with Bt traits, it leaves pest 

pressure and insecticide performance in non-Bt systems understudied at a time when 

optimizing a low-input system could reap real benefits for growers.  

Given that neonicotinoid seed treatments and in-furrow pyrethroids have 

inconsistent to negligible benefits in field corn throughout the United States, but have 

not been comprehensively tested under Mid-Atlantic pest pressure as well as in non-

Bt systems, my goal was to test these strategies in both Bt and non-Bt corn systems 

across Maryland. I hypothesized that (1) low seedling pest pressure would lead to 

similar damage, seedling establishment, and ultimately yield in neonicotinoid seed 

treated, in-furrow pyrethroid treated, and untreated corn, and that (2) if a difference 

between the treatments existed, it would most likely be seen in the non-Bt hybrid. In 

order to test these hypotheses, I established a three-year study across three University 

of Maryland research farms in which I compared early and season-long pest pressure, 

seedling stand, final stand, and yield in neonicotinoid seed treated, in-furrow 

pyrethroid treated, and untreated Bt and non-Bt corn hybrids. Because some claim 

that neonicotinoids can improve seedling vigor even in the absence of pests (Schade 

et al. 2007; Jeschke et al. 2011), I also evaluated seedling growth. This study provides 

a thorough assessment of pest pressure and preventative insecticide performance in 

field corn, and addresses a key knowledge gap in regional pest pressure.  
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Materials & Methods 

Study sites, field design, and treatments 

In order to capture temporal and spatial variation in pest pressure and growing 

conditions, I replicated this study across three growing seasons (2020-2022) at three 

Maryland research farms: the Central Maryland Research and Education Center 

(Beltsville, MD), the Wye Research and Education Center (Queenstown, MD), and 

the Western Maryland Research and Education Center (Keedysville, MD). All 

planting was carried out with the help of research farm staff at each location. We 

planted corn as early as possible each year in keeping with local growing practices, 

although planting was delayed at two of three sites in 2022 due to wet weather 

(Appendix A, Table S1). In 2020 we planted plots of the Bt hybrid, LC1196 VT2P 

(Local Seed, Memphis, TN) which expresses Cry1A.105 and Cry2Ab2 proteins, 

following standard Maryland no-till practices. In 2021 and 2022 we planted 

P1197YHR (Pioneer Hi-bred International. Johnston, IA) which expresses Cry1Ab 

and Cry1F proteins. In all three years, the non-Bt variety we planted was the high-

yielding hybrid, P1197LR (Pioneer Hi-bred International, Inc. Johnston, IA). We 

planted the Bt and non-Bt varieties in separate fields with three treatments: (1) bare, 

untreated seed with no insecticide applied in furrow, (2) seed treated with Poncho® 

(Bayer Crop Science, Leverkusen, Germany), active ingredient clothianidin, at a rate 

of 0.25 mg/seed, and (3) bare seed with Capture LFR® (FMC Corporation, 

Philadelphia, PA), active ingredient bifenthrin, applied in-furrow at the rate of 0.99 

L/ha. Across locations and years, we planted with a 74,100 seeds/ha rate. We 

replicated treatments three times in a complete Latin square (Appendix A, Fig. S1). 
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Each replicate plot was a minimum of 61 m in length and 24 rows at 0.6 m spacing 

(18 m) in width. 

 
Pheromone trapping lepidopteran pests 

All sampling was carried out with the help of undergraduate research 

assistants. In order to assess the presence and activity of three migratory lepidopteran 

pests, we installed pheromone traps at each farm throughout the growing season. 

These traps targeted Helicoverpa zea (Boddie), corn earworm; Spodoptera frugiperda 

(J. E. Smith), fall armyworm; and Striacosta albicosta (Smith), western bean 

cutworm. To trap H. zea we used white plastic mesh Heliothis traps (Scentry 

Biologicals, Inc, Billings, MT) baited with corn earworm lures (Scentry Biologicals, 

Inc). In the top cone of the H. zea trap, one Vaportape II pesticide strip (Hercon 

Environmental, York, PA) was safety pinned to the mesh, to accelerate death of 

captured moths, reducing damage to specimens and facilitating collection. 

Spodoptera frugiperda and S. albicosta were monitored with green, white, and yellow 

and green-on-green universal bucket traps (Scentry Biologicals, Inc), respectively. 

We used fall armyworm and western bean cutworm lures (Scentry Biologicals, Inc) in 

each trap, respectively. We checked all pheromone traps weekly, collected all moths, 

and froze samples until identification of target species.   

 

Seedling establishment, pest damage, and growth 

 
To evaluate the impact that the neonicotinoid seed treatment and in-furrow 

pyrethroid had on seedling stand and growth rate, we sampled plants in the V2-V4 
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growth stage 3-4 weeks after planting (Appendix A, Table S1) in all 3 years. In each 

plot we sampled three 15.2 m sections of row, moving diagonally across the interior 

of the plots (~ 4.6 m apart). We counted the number of healthy plants (stand) and 

stunted plants. Plants were classified as stunted when they were estimated to be less 

than half the size of the average healthy plants, but without signs of pest damage. We 

counted healthy plants with pest damage classified in the following categories: 1) soil 

pest, 2) cutworm, 3) armyworm, 4) slug, 5) stink bug, and 6) unidentified foliar 

feeder. Only one pest category, the one accounting for the greatest area damaged, was 

recorded for each plant. Because soil pests typically killed entire plants, we counted 

these plants as soil pest-damaged and did not record foliar damage that occurred to 

them. Plants with signs of soil pest damage, such as wilting center leaves (Appendix 

A, Fig. S2) were uprooted, and if identifiable feeding damage or the pest itself was 

present belowground, plants were categorized as damaged by soil pests. We classified 

foliar pests based on the appearance of leaf damage (Appendix A, Fig. S2). Stunted 

plants were not included in pest damage sampling. In order to assess the severity of 

foliar insect damage, in 2021 and 2022, we recorded the leaf area damaged in cm2 to 

the nearest 0.25 cm2 using a transparent grid. To assess the growth of seedlings, in all 

years we measured plant height for 15 non-stunted seedlings from each replicate plot, 

5 from each subsample location.  

 
Pest pressure in the mid- and late-season 

 
In order to ascertain the mid- and late-season pest pressure in Bt and non-Bt 

hybrids, we sampled stalks and ears for pest damage in approximately the whorl and 
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soft dough stages (Appendix A, Table S2). For mid-season sampling, in 2020 we 

assessed one eye-level leaf from R2 plants for damage from boring lepidopteran 

larvae, Japanese beetles, grasshoppers, and stink bugs, and measured any area 

damaged in cm2 to the nearest 0.5 cm. Our sample size was 10 plants in 3 subsamples 

per replicate plot. During the mid-season period in 2021 and 2022 we sampled the 

same types of pest damage in the whorl stage, rating damage with a 5-point scale to 

assess degree of damage (Appendix A, Table S3). We sampled 10 plants in 4 

subsamples per replicate plot. In both years we field-identified any pests present, or 

collected or photographed them for later identification.  

For ear sampling in all years, we assessed 10 ears from 4 locations per plot. At 

soft dough we removed ears from the stalk, husked them, recorded the number of 

damaged ears, and counted the area of kernels damaged in cm2 using a transparent 

grid. Damage was classified as caused by caterpillar, stink bug, or sap beetle. Any 

caterpillars and stink bugs present were identified and recorded.  

 
Final stand and yield 

 
To assess season-long stand loss, we measured final stand at the end of each 

growing season and prior to harvest. As described in our seedling sampling, we 

measured the stand in three 15.2 m subsamples of row moving diagonally across 

plots. In each subsample we counted the number of healthy and stunted plants. Plants 

that were less than half the diameter of the average healthy plants and that had formed 

no ears or half-sized ears were classified as stunted. When sufficiently dry (18-20% 

moisture), we harvested plots with a combine harvester and measured the yield from 
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each plot using a calibrated combine, weigh wagon, or truck scale, depending upon 

the equipment available at each farm. Subsamples of grain from each plot were 

collected and their moisture measured with benchtop grain moisture testers (Dickey-

John, Auburn, IL) at each of the farms. The total weight and grain moisture for each 

plot were recorded, and we converted the weight to kg per hectare corrected to 15.5% 

moisture. 

 
Statistical analysis 

 
Bt and non-Bt fields were analyzed separately and subsample data was pooled 

within each replicate plot by summing stand, stunted, and damage incidence values 

and averaging damage severity and plant height values. Linear mixed models were 

developed using the ‘lme4’ package in RStudio (Bates et al. 2023) for all response 

variables. In almost all cases, treatment was specified as the fixed effect, while year 

and location were included as random effects. For plant height, because the number 

of days after planting introduced substantial variability in the data, I included the days 

after planting as a random effect as well. In the case of pest-damaged plants, I 

included an offset term to account for different numbers of plants that were sampled 

in each plot. Because of the high amount of soil pest damage that occurred in 2022 at 

Beltsville, I examined whether stand at this site-year was significantly impacted by 

treatment in that site-year using a linear model (function lm) (R Core Team 2023). As 

linear mixed models are robust to non-normality (Schielzeth et al. 2020), I did not 

transform data when they failed assumptions of normality determined by a Shapiro-

Wilk test. I tested heterogeneity of variance with Levene’s test from the ‘car’ package 
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(Fox et al. 2023). Only one outcome variable, counts of pest-damaged seedlings in the 

non-Bt hybrid, had heterogeneous variance, and it was addressed with a log (x + 0.5) 

transformation. When treatment significantly affected the response variable, I 

performed post-hoc tests with ‘emmeans’ using a Tukey HSD adjustment (α = 0.05) 

(Lenth et al. 2023). 

Results 

Season-long monitoring of migratory lepidopteran pests 

 
Of the three pests monitored with pheromone traps throughout the season, H. 

zea was the only one that was consistently present and the only species occurring at 

Beltsville. Peaks of H. zea activity varied between locations and years (Appendix A, 

Fig. S3). In 2020 and 2021, H. zea specimens were captured on the earliest sampling 

dates at Queenstown (May 20 and May 12, respectively). Captures indicated there 

were typically three peak periods of activity for H. zea each year across locations, 

occurring approximately in early June, late July to early August, and late August to 

early September. Spodoptera frugiperda was absent at all locations in 2022, and in 

2020 only one moth was trapped (at Keedysville). In 2021, large numbers were 

trapped in late September at Keedysville and Queenstown (18 and 49 moths, 

respectively). Striacosta albicosta moths were occasionally trapped at Keedysville 

and Queenstown: one moth at Keedysville in 2020, one in 2021, and two during a 

single week in 2022. At Queenstown, no S. albicosta were trapped in 2020, two 

across two weeks in 2021, and four across two weeks in 2022.   

 
Seedling pest pressure and insecticide impact 
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Total pest damage to untreated controls varied across site-years. On average, 

7.06 ± 0.93% of Bt seedlings were damaged, while 9.06 ± 1.57% of non-Bt seedlings 

were damaged. Across site-years, this damage ranged from 2.51% to 12.95% of 

plants for the Bt hybrids. In the non-Bt hybrid, the damage ranged from 2.44% to 

25.45% damage. The upper boundary of damage in the non-Bt hybrid was driven by 

armyworm damage, which occurred to 22.87% of the seedlings sampled at 

Keedysville in 2020. Overall, armyworm damage in control plants occurred to 1.57 ± 

0.49% of Bt seedlings and 3.70 ± 1.46% of non-Bt seedlings on average. Cutworms 

damaged 3.22 ± 0.50% of Bt seedlings and 1.81 ± 0.26% of non-Bt seedlings. Non-

lepidopteran foliar pest damage, which included damage from stink bugs and leaf 

beetles, is not controlled by Bt toxins. Control damage averaged 1.10 ± 0.28% of Bt 

plants and 0.63 ± 0.13% of non-Bt plants. Soil pests damaged an average of 1.18 ± 

0.45% of Bt seedlings and 2.92 ± 1.05%, of non-Bt seedlings in the control treatment 

across the study. In 2022 at Beltsville, soil pest damage occurred to noticeably more 

of the seedlings. Here, the mean damage in the control was 4.62 ± 2.08% for the Bt 

hybrid and 16.60 ± 1.83% for the non-Bt hybrid. Throughout the study, wireworms 

were the only soil organisms found feeding on damaged plants.  

Insecticide treatments reduced total insect damage in the Bt hybrids (F2, 74 = 

10.60, p < 0.001) and non-Bt hybrid (F2, 74 = 16.08, p < 0.001) (Fig. 1-1), especially 

the neonicotinoid seed treatment, which reduced the number of insect-damaged 

seedlings by 64.73% in the Bt hybrids and 69.16% in the non-Bt hybrid compared to 

the control plots. The in-furrow pyrethroid treatment did not impact pest damage in 

the Bt hybrids, but lowered damage by 60.14% in the non-Bt hybrid. 
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Fig. 1-1. Mean percent of seedlings damaged by any insect pests (soil, lepidopteran, 
and non-lepidopteran combined) ± standard error (SE) in A) Bt and B) non-Bt 
hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and neonicotinoid 
seed treatment (NST)-treated field corn across three years and three locations. 
Statistical analysis was performed on the corresponding count data using a linear 
mixed model specifying year and location as random effects and including an offset 
of the log of plant stand. Within panels, bars that have different letters are 
significantly different by Tukey’s test (α = 0.05). 

  
Neither insecticide treatment reduced damage severity (cm2 of leaf missing) in 

the Bt hybrids (F2, 44 = 2.31, p = 0.111) or in the non-Bt hybrid (F2, 46 = 0.84, p = 

0.438) (Appendix A, Fig. S4). For both, the average leaf area damaged per plant was 

≤ 0.75 cm2 in all treatments. The number of stunted plants was the same between 

treatments in both Bt and non-Bt hybrids at the beginning of the season (F2, 74 = 1.10, 

p = 0.338, and F2, 74 = 0.71, p = 0.493, respectively) (Appendix A, Fig. S5). In the Bt 

hybrids, on average 3.20 ± 0.30% of seedlings were stunted, while in the non-Bt 

hybrid 1.75 ± 0.17% were stunted.   

 
Seedling establishment and growth 

 
Early season insecticides impacted seedling stand in the Bt hybrids (F2, 74 = 

3.60, p = 0.032), with the neonicotinoid seed treatment increasing seedling stand for 

Bt hybrids 8.19% over the untreated control, from 58,375 plants per hectare to 63,584 
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plants per hectare on average. However, the in-furrow pyrethroid treatment did not 

affect stand for Bt hybrids, and neither insecticide increased stand in the non-Bt 

hybrid (F2, 74 = 1.35, p = 0.265) (Fig. 1-2). For Beltsville 2022, which experienced 

heavy soil pressure, insecticides impacted stand in both Bt and non-Bt hybrids (Bt: F2, 

6 = 8.14, p = 0.020; Non-Bt: F2, 6 = 5.09, p = 0.051). The in-furrow pyrethroid 

increased stand 44.42% compared to the control in the Bt hybrid and 15.18% in the 

non-Bt hybrid. The neonicotinoid seed treatment increased stand 46.87% in the Bt 

hybrid, but did not increase stand in the non-Bt hybrid (Appendix A, Fig. S6). 

 
Fig. 1-2. The mean number of seedling plants ha-1 ± standard error (SE) in A) Bt and 
B) non-Bt hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and 
neonicotinoid seed treatment-treated (NST) field corn across three years and three 
locations. Seedling number was compared between treatments using a linear mixed 
model specifying year and location as random effects. Within panels, bars that have 
different letters are significantly different by Tukey’s test (α = 0.05).  

 Bt seedling height was affected by at-planting insecticides (F2, 68 = 5.37, p = 

0.007). Seedlings treated with the in-furrow pyrethroid or neonicotinoid seed 

treatment were 5.70% and 7.44% taller than untreated control corn, although this 

difference was only 1.82 cm on average (Fig. 1-3). Non-Bt seedling height was the 

same across treatments (F2, 70 = 0.50, p = 0.608). 
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Fig. 1-3. Mean V2-V4 plant height (cm) ± standard error (SE) in A) Bt and B) non-Bt 
seedlings for untreated control, in-furrow pyrethroid-treated (IFP), and neonicotinoid 
seed treatment-treated (NST) field corn across three years and three locations. Height 
was compared between treatments using a linear mixed model specifying year, 
location, and the number of days after planting as random effects. Within panels, bars 
that have different letters are significantly different by Tukey’s test (α = 0.05). 

 
Mid-season pest pressure 

 
Insect damage in the mid-season (R2 and whorl stages) was rare in nearly all 

site-years and always of low severity. In 2020, foliar damage measured at R2 

occurred to 20.86 ± 2.34% of Bt plants and 18.02 ± 1.78% of non-Bt plants across 

treatments. In both hybrids, the severity of this damage averaged < 0.50 cm2 per 

sampled leaf. Damage incidence was measured at the whorl stage in 2021 and 2022, 

and at this stage, only 3.43 ± 0.58% of Bt plants and 6.99 ± 1.04% of non-Bt plants 

were damaged by insects. Nearly all damage was rated at the lowest level (2, minor 

feeding). Only 6 plants out of the 4,320 plants evaluated across 2021 and 2022 

exceeded the lowest category, all in the non-Bt hybrid, and all falling into level 3, 

“significant feeding, but stalk intact”. Mid-season damage was not affected by 

treatment in 2020 in terms of incidence (Bt: F2, 22 = 0.11, p = 0.894; non-Bt: F2, 22 = 

0.40, p = 0.674), or severity (Bt: F2, 22 = 2.60, p = 0.097; non-Bt: F2, 22 = 0.85, p = 

0.442). Similarly, in 2021 and 2022 treatment had no impact on damage incidence in 
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the whorl stage (F2, 48 = 2.22, p = 0.120 in Bt, and F2, 48 = 0.58, p = 0.567 in non-Bt). 

Severity was not analyzed in 2021 and 2022 due to how scarce and minor the damage 

was. 

 
Late-season pest pressure 

 
The only lepidopteran pest that was found infesting ears was Helicoverpa zea. 

Across locations and years, damage by H. zea ranged from 3.33% to 75.83% of Bt 

ears, with an average of 18.27 ± 2.47% damaged overall. In the non-Bt hybrid, 

damage ranged from 4.17% to 83.33% of ears, averaging 20.71 ± 2.67%. The greatest 

damage for both Bt and non-Bt hybrids occurred at Beltsville in 2022. The area 

damaged per ear by H. zea was about ≤ 2 cm2 in all site-years for both hybrids, except 

for Beltsville in 2022, where the damage for Bt was 8.93 ± 0.77 cm2 per ear and the 

damage in non-Bt was 9.04 ± 0.70 cm2 per ear. Stink bugs consistently damaged ears 

and the greatest damage was found at Queenstown. In the Bt hybrids, stink bug 

damage ranged from 2.78% to 71.94% of ears, and averaged 26.02 ± 3.00%, while 

damage in the non-Bt hybrid ranged from 7.50% to 98.33% and averaged 46.82 ± 

3.57% of ears. Stink bug damage in both hybrids was always < 3 cm2 per ear with the 

exception of the non-Bt hybrid at Queenstown in 2021 and 2022 where 7.10 ± 0.41 

and 8.23 ± 0.38 cm2 per ear was damaged respectively. Sap beetle incidence ranged 

from 0.56% to 46.94% of Bt ears with an average of 12.07 ± 1.67%, and 7.78% to 

51.67% of non-Bt ears, averaging 21.02 ± 1.73%. Sap beetle damage never exceeded 

3 cm2 per ear in either hybrid. Insecticide treatments did not alter the incidence or 
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severity of H. zea, stink bug, or sap beetle damage to ears in Bt or non-Bt hybrids 

(Appendix A, incidence: Table S4 and Table S5, severity: Table S6 and Table S7). 

 

Final stand and yield 

At the end of the season, stand was similar between treatments in the Bt 

hybrids (Fig. 1-4A; F2, 74 = 2.34; p = 0.104), but differed in the non-Bt hybrid (Fig. 

1-4B; F2, 74 = 3.46; p = 0.037), where the neonicotinoid seed treatment had 5.39% 

higher stand than the control. The number of stunted plants was the same across 

treatments in both the Bt (Appendix A, Fig. S7A; F2, 74 = 0.56, p = 0.571) and non-Bt 

hybrids (Appendix A, Fig. S7B; F2, 74 = 2.91, p = 0.061).  

 
Fig. 1-4. End of season mean plants ha-1 ± standard error (SE) in A) Bt and B) non-Bt 
hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and neonicotinoid 
seed treatment-treated (NST) field corn across three years and three locations. Final 
stand counts were analyzed between treatments by linear mixed model specifying 
year and location as random effects. Within panels, bars that have different letters are 
significantly different by Tukey’s test (α = 0.06). 

Although there were differences in pest damage, stand, and height at the 

beginning of the season, in both the Bt and non-Bt hybrids treatment did not impact 

yield (F2, 73 = 0.39, p = 0.682, and F2, 74 = 0.22, p = 0.803, respectively) (Fig. 1-5). The 

mean yield across years, locations, and treatments was 10,184 ± 235 kg ha-1 for Bt 

and 9,993 ± 246 kg ha-1 for non-Bt. Because of high percentages of soil-damaged 
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control plants and corresponding stand reductions at Beltsville in 2022, I also 

compared yields between treatments at that site and year alone. Despite the soil pest 

damage and stand loss, the untreated plots yielded as well as those with insecticide 

treatments for both Bt and non-Bt hybrids (F2, 6 = 0.67, p = 0.544 and F2, 6 = 1.75, p = 

0.252, respectively) (Appendix A, Fig. S8). Yield for this site-year was low and 

variable across all treatments (Bt mean = 7,651 ± 481 kg ha-1, non-Bt mean = 6,481 ± 

516 kg ha-1) compared to the aforementioned overall results.  

 
Fig. 1-5. Mean kg ha-1 yield ± standard error (SE) in A) Bt and B) non-Bt hybrids for 
untreated control, in-furrow pyrethroid-treated (IFP) and neonicotinoid seed 
treatment-treated (NST) field corn across three years and three locations. Yield was 
compared between treatments using a linear mixed model specifying year and 
location as random effects. There were no differences between treatments (α = 0.05). 

Discussion 

The goal of this study was to evaluate widely-used preventative pest 

management in the context of season-long pest pressure in Bt and non-Bt corn 

systems in the Mid-Atlantic. Throughout this study, I did not see significant pressure 

from the specific pests targeted by the preventative pest management strategies. At 

the seedling stage, I saw consistent, but usually low, pressure across most site-years 

for the pest types I evaluated (armyworms, cutworms, non-lepidopteran foliar pests, 

and soil pests). Non-lepidopteran foliar pests never exceeded 5% of plants damaged 
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in Bt or non-Bt hybrids. Soil pests varied by location, occurring most frequently at 

Beltsville in 2021 and 2022, while being almost nonexistent at Keedysville in all 

years. In studies in Virginia, soil pests were similarly scarce and patchy (Youngman 

et al. 1993; Bekelja et al. 2023a). Cutworms were more consistent, occurring in every 

site-year, but the damage incidence usually did not reach rule of thumb thresholds 

that growers might use when making a rescue treatment (5% for cutworms) (Owens 

2020), and was less frequent than reported in two out of three years in a Pennsylvania 

study (Rowen and Tooker 2020). Armyworm damage was patchy, absent in 2 out of 9 

site-years for both Bt and non-Bt hybrids. Even at one site year with notably high 

armyworm damage (about 22% of non-Bt plants with injury), the incidence did not 

reach rule of thumb treatment thresholds (25% of seedlings damaged) (Owens 2020). 

The temporal and spatial variability of all of the insect pests I sampled agreed with 

previous reports that most seedling corn pests do not occur consistently (Papiernik et 

al. 2018; Sappington et al. 2018), especially in the Mid-Atlantic (Disque et al. 2019; 

Dubey et al. 2020). 

Pest damage was also minor in the mid- and late-seasons. Prior to the 

introduction of Bt traits, whorl stage corn was prone to damage from O. nubialis 

(Lewis et al. 2009). However, I did not find economically important mid-season pests 

in either Bt or non-Bt hybrids. This also contrasts with recent work from 

Pennsylvania, where S. frugiperda infested vegetative non-Bt corn, although that 

infestation varied by year (Regan et al. 2020). My pheromone traps showed that S. 

frugiperda was extremely rare during the growing season in all years, appearing in 

large numbers only late in the season in one year. This pattern is consistent with S. 
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frugiperda overwintering and migration (Tessnow et al. 2023). In the ear stage, ears 

suffered H. zea, stink bug, and sap beetle damage. Roughly one fifth of ears in both 

hybrids (18.2% of Bt and 20.7% of non-Bt) were damaged by H. zea. Sampling from 

2010 to 2012 at many of the same research farms as my study found varying H. zea 

damage in non-Bt hybrids, ranging from 2.6 to 23.5% of ears, averaging about 15% 

(Chen et al. 2016), approximately 27.5% lower than in this study. The severity of this 

damage to individual ears was lower than in my study as well: 0.43 cm2 on average 

compared with 1.68 cm2, although the larger amount of damage in my study may 

have been due to sampling timing; sometimes we sampled after the soft dough target 

stage, which may have allowed caterpillars to feed more extensively. The amount of 

H. zea damage I saw was also likely influenced by the widespread resistance H. zea 

has developed to most Bt traits (Dively et al. 2023; Gassmann and Reisig 2023). 

Besides H. zea, stink bugs and sap beetles also consistently damaged ears across site-

years. In a recent survey in North and South Carolina, growers attributed the most 

yield loss in corn to H. zea and stink bugs (Bryant et al. 2024), and my findings show 

that they are ubiquitous ear pests in the Mid-Atlantic as well. However, while damage 

was common, none of the pests I found in the ear stage is a target of preventative 

management, including Bt traits. 

Preventative management tactics specifically target early-season pests, but 

under the low level of pest pressure that I measured across the three years and 

locations of my study, there were no yield benefits from using these tactics. The 

neonicotinoid seed treatment and in-furrow pyrethroid did not improve yields despite 

significant decreases in the number of damaged seedlings. As mentioned above, 
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lepidopteran and non-lepidopteran foliar feeders were scarce, not reaching the 

thresholds that would motivate a rescue treatment (Owens 2020). Further, the severity 

of the damage that we measured was also low: for insect foliar pests, the mean 

amount of leaf area lost per V2-V4 seedling was less than 0.75 cm2 across treatments 

in both Bt and non-Bt hybrids. As seedlings can be cut off at ground level up to V4 

without yield loss (Crookston and Hicks 1988; Thomason and Battaglia 2020), the 

level of damage I measured was unlikely to hurt yields even if it had occurred to more 

seedlings. Even in the case of soil pests, where damage did kill seedlings, the 

resulting stand loss did not decrease yield over the study, or in the site-year with the 

most dramatic stand loss. Although control stand was reduced close to 50% for the Bt 

hybrid (compared to the neonicotinoid seed treatment) in Beltsville in 2022, yields 

remained unaffected. In previous studies where wireworms were the primary pest, 

neonicotinoid seed treatments and in-furrow pyrethroids also improved stand without 

increasing yield (Labrie et al. 2020; Bekelja et al. 2023a). Corn plants are able to 

compensate to some degree when establishment is reduced (Lemcoff and Loomis 

1994; Coulter et al. 2011), and this may be part of why stand improvements from 

neonicotinoid seed treatments do not always result in yield gains (Alford and Krupke 

2018; Bryant and Taylor 2021).  

 Another measure of plant growth that was affected by treatments was plant 

height, which was greater in both insecticide treatments in the Bt hybrids. In the 

absence of pest pressure, neonicotinoids have been credited with increasing the vigor 

and tolerance of abiotic stressors for a wide variety of crops (Schade et al. 2007; 

Jeschke et al. 2011); however, it is unlikely that this phenomenon took place in my 
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study for two reasons. First, while pests were below threshold, they were never 

entirely absent, and second, the in-furrow pyrethroid also increased height. These 

factors indicate that height differences likely came from reductions in subeconomic 

pest damage. As in another Maryland study (Dubey et al. 2020), the increase in height 

was not associated with higher yield, suggesting that reduced height, along with 

seedling foliar damage and reductions in stand mentioned above, is not necessarily 

indicative of poorer eventual yield.  

Theoretically, it is possible that the similar yields between treatments were 

caused by the insecticide rates in this study being too low to protect seedlings. 

However, in a study in Virginia with above-threshold wireworm pressure, a 1.25 mg 

seed-1 rate (three times my rate) of clothianidin did not result in greater yields 

(Bekelja et al. 2023a), suggesting that a higher rate may not pay off even under 

pressure. For the in-furrow pyrethroid, I used the highest application rate (0.99 L ha-1) 

that was recommended for wireworm when I initiated my study in 2020, because 

wireworm was the pest I predicted would most likely be yield-limiting based on 

previous studies at the research farms. When similar or higher rates were used as in 

my study (0.93, 0.98, and 1.23 L ha-1), they also did not increase yield (Bekelja et al. 

2023a; McManus et al. 2023). In the context of these studies, it is unlikely that 

increasing the insecticide rate would reveal any yield benefits under the pest pressure 

I observed.  

IPM relies on using chemical interventions judiciously, reserving applications 

for cases where pest damage is likely to result in yield losses that will outweigh any 

economic and environmental costs of their use (Stern et al. 1959; Kogan 1998; Hurley 
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and Sun 2019). My study suggests that in general there are no yield benefits to 

outweigh the costs of these insecticides: while a diverse complex of early-season 

pests attacked Bt and non-Bt seedlings throughout the nine site-years of this study, 

plants were robust to damage and stand loss, and completely unprotected corn 

performed well. This performance highlights a mismatch between “one size fits all” 

early season pest control and the needs of Mid-Atlantic corn growers, even when 

growing non-Bt corn. In order to fit within an IPM framework and realize the benefits 

of reduced inputs, pest management strategies should be brought into alignment with 

the pressure growers actually face.   

However, customizing pest control is not an easy matter for many growers 

due to internal and external barriers. Even when growers understand and value IPM, 

many still use preventative management tactics based on perceptions of higher yield 

potential that are tied to industry recommendations (Bryant et al. 2024). A perception 

of risk can also keep growers from forgoing insecticide applications, especially when 

the cost of the insecticide is low (Leach et al. 2019). Pyrethroids are notably 

inexpensive (Dewar 2016) and in-furrow application keeps the cost in time and effort 

low as well, so growers may apply pyrethroids “just in case.” Like pyrethroids, 

neonicotinoid seed treatments may also be perceived as inexpensive, as their price is 

often obscured by conflation with the cost of fungicide seed treatments and the hybrid 

itself, which are generally bundled during purchase (Douglas and Tooker 2015; Hitaj 

et al. 2020). However, economic analyses show that neonicotinoid seed treatments do 

have concrete costs ($16.80 ha-1 in 2018 and $20.81 ha-1 in 2020 for a 0.25 mg ai per 

seed-1 rate) (North et al. 2018; Smith et al. 2020), even if they are not transparent to 
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growers. Unlike pyrethroids, neonicotinoid seed treatments require significant 

advanced-planning to opt out of and untreated seed may simply not be available to 

growers for the hybrids they wish to plant, forcing many growers to accept the costs 

of neonicotinoid seed treatments whether or not they are doing so intentionally 

(Tooker et al. 2017; Hitaj et al. 2020). Bt hybrids may be used by default for a similar 

reason, simply because few non-Bt hybrids are available (Bryant et al. 2024), even if 

they would be less expensive. 

Besides the purchase costs associated with neonicotinoids and in-furrow 

pyrethroids, growers may benefit from reducing their environmental costs. 

Neonicotinoid seed treatments have widely-demonstrated environmental costs to 

agricultural ecosystems where they can reduce beneficial non-target insects and cause 

outbreaks of non-target pests (Smith et al. 2013; Douglas et al. 2015; Douglas and 

Tooker 2016; Bredeson and Lundgren 2019; Disque et al. 2019; Dubey et al. 2020). 

In-furrow pyrethroids are less widely studied, but granular soil applications 

negatively affect non-target arthropods, including important predators (Bhatti et al. 

2006; Pearsons and Tooker 2021). Avoiding damage to key natural enemies may help 

growers avoid deregulated pest populations.  

 Finally, this study may suggest that Mid-Atlantic growers who eliminate all 

insect-management inputs by growing completely untreated non-Bt hybrids will not 

face any major pest issues. Nevertheless, while this was true across my study, it is key 

to remember several details of my production system. First, my non-Bt corn was 

grown in a time and place where over 80% of corn contains Bt traits (Gassmann and 

Reisig 2023) conferring areawide suppression of key lepidopteran pests that could 
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otherwise attack susceptible crops (Hutchinson et al. 2010). Additionally, my study 

was replicated on research farms that consistently use rotation and cover cropping, 

manage weeds, and have planted neonicotinoid-treated corn seed for decades. All of 

these factors play a role in reducing on-farm and regional pest pressure (Esser et al. 

2015; Furlan and Kreutzweiser 2015; Busch et al. 2020; Walter et al. 2020). 

Completely eliminating Bt hybrids and at-planting insecticides might result in 

returning pest pressure, especially if basic IPM practices like rotation are not 

followed. As demonstrated in a four-year study where continuous untreated non-Bt 

corn began suffering damage from D. virgifera virgifera in year four: when no pest 

management steps are taken, pest pressure is likely to eventually reemerge (Pecenka 

et al. 2021). Therefore, a wiser take-home message from this study is that pest 

pressure is likely to be changing and dynamic, and the best pest management strategy 

will follow the IPM tactics of using multiple non-chemical prevention strategies 

while monitoring pest pressure. 

Conclusion 

 Preventative at-planting insecticide treatments did not increase yields in Mid-

Atlantic corn across multiple locations and growing seasons for either Bt or non-Bt 

hybrids. While fewer plants were damaged by insect pests in both insecticide 

treatments in the non-Bt hybrid, and in the neonicotinoid seed treatment in Bt 

hybrids, this damage was below economic thresholds with little leaf area removed. In 

Bt hybrids, insecticide treatments were also associated with small increases in stand 

and plant height, but these growth improvements did not lead to higher yields. These 

results show that field corn production in the Mid-Atlantic generally does not 
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experience sufficient pest pressure to justify routine use of preventative treatments. 

This, along with the widely-demonstrated impacts of pyrethroids and neonicotinoid 

seed treatments on non-target organisms that fill a plethora of functional roles, 

suggests that growers should carefully consider their use of preventative insecticides 

within an IPM framework. Despite the challenge of obtaining untreated seed, saving 

money on unnecessary chemicals and potentially improving agricultural ecosystem 

services likely justifies the effort. In order to reduce the barriers to these efforts, 

untreated seed should be more available, so that growers can tailor their pest 

management system to the pest pressure in their region and on their farm.  
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Chapter 2: Can predatory carabids reduce slug damage in field 

corn production systems? 

Abstract 

Slugs can be damaging pests in field crops, due to the adoption of growing 

practices that favor their populations. Chemical management options are often 

inconvenient or expensive, so supporting already-present slug predators, especially 

carabid beetles, may be a desirable alternative control approach. However, the 

interactions of specific carabid species with pest slugs, including the potential for 

non-consumptive effects, and how communities and biocontrol abilities may be 

altered by at-planting insecticides remain as important knowledge gaps. In order to 

understand if non-consumptive effects could possibly occur with slug biocontrol, I 

tested whether the pest slug Deroceras laeve detected and avoided the cuticular 

extracts of predatory carabids in the genera Chlaenius and Poecilus. To elucidate 

whether commonly-used insecticides suppress predators and potentially make slug 

problems worse, I compared carabid activity abundance and slug biocontrol metrics 

in neonicotinoid seed treatment, in-furrow pyrethroid, and untreated corn plots at 

three research farms in Maryland from 2020 to 2022. In two-choice bioassays D. 

laeve avoided the cuticular extracts of Chlaenius tricolor, but did not significantly 

avoid Poecilus spp. cuticular extracts. Carnivorous carabid species were common and 

abundant across Maryland locations in the field study, but carabid activity abundance 

was never affected by insecticides, and predation, slug activity abundance, and slug 

damage were all correspondingly unaffected. In addition, slug activity abundance did 
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not universally explain slug damage. This may indicate a need for improved 

monitoring tools and/or may provide additional evidence that non-consumptive 

effects influence slug damage. Indeed, the most ubiquitous carabid species was the 

one avoided by D. laeve. Carnivorous carabid species and predation commonly 

occurred across all insecticide treatments. In sum, this study further confirms that 

carabid beetles can be valuable biological control agents for slugs in field corn.  

Introduction 

Slugs are serious pests worldwide in a range of agronomic crops (Grant et al. 

1982; Hammond et al. 1996; Choi et al. 2006; Nash et al. 2007). Two species, 

Deroceras reticulatum and D. laeve, are particularly damaging in Mid-Atlantic crops 

due to a mix of climate conditions and growing practices (Douglas and Tooker 2012). 

While corn is often able to outgrow slug damage, early season damage can still 

reduce plant establishment (Busch et al. 2020) or limit yield (Barratt et al. 1994; 

Byers and Calvin 1994). Chemical slug management can be undesirable due to 

expense, short shelf life and field activity, and the need for a precisely-timed 

application (Bailey 2002; Douglas and Tooker 2012; Le Gall and Tooker 2017). 

Therefore, the biocontrol services of arthropod slug predators such as carabids, 

staphilinids, lampyrids, sciomyzids, opilionids, lycosids, and chilopods may be 

especially valuable (Symondson and Liddell 1993; Eskelson et al. 2011; Douglas and 

Tooker 2012). Carabid beetles in particular provide slug biological control services 

world-wide. In D. reticulcatum’s native and introduced range, many generalist 

carabid beetles consume slug eggs and small slugs (Bohan et al. 2000; Symondson et 

al. 2002; Wendland et al. 2017; El-Danasoury and Iglesias-Piñeiro 2018; Reich et al. 
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2020). In some cases, predator activity-abundance significantly explains decreases in 

slug activity-abundance and damage (Hill et al. 2017; Mugala et al. 2023). Such 

regulation of slug populations can result from sufficient predation by carabid 

predators. 

Prey populations can also be regulated by prey avoidance of predators and 

their cues, termed non-consumptive effects, which can have as much or more impact 

than predators directly consuming prey (Preisser et al. 2005; Peckarsky et al. 2008; 

Price et al. 2011). Predator avoidance protects host plants indirectly by altering pest 

foraging and slowing population growth (Werner and Peacor 2003; Schmitz et al. 

2004). Chemical cues can elicit this behavioral avoidance in agricultural pests 

specifically, with responses ranging from changes in host selection and colonization 

to reduced feeding (Ninkovic et al. 2013; Hermann and Thaler 2014; Bursztyka et al. 

2016), although these effects are not universal (Kahl et al. 2021). Predators with 

chemical cues detected by their prey may deliver more effective and efficient 

biological control.   

In European studies, carabid beetles can elicit avoidance behaviors in D. 

reticulatum. The footprints of the predatory beetle Pterostichus melanarius increased 

D. reticulatum movement, suggesting both detection and avoidance occur 

(Armsworth et al. 2005). Comparing D. reticulatum responses to five different 

species within the genus Carabus, shelter-seeking behavior was significantly altered 

by cuticular extracts from some species, but not others (Bursztyka et al. 2013). The 

ability of a species to detect predators and alter behavior is tightly tied to predation 

risk and depends on the hunting and foraging methods of the predator and prey, as 
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well as spatial and temporal overlap (Schmitz et al. 2004; Binz et al. 2014). A similar 

study testing escape behavior by D. reticulatum and spatially non-overlapping snails 

found that only each gastropod’s primary predator could elicit a response (Bursztyka 

et al. 2018). These studies suggest that while slugs are capable of detecting potential 

predators, the fitness trade-off of detection is sufficient that they only respond to 

predators who present a serious risk. To date, this research has taken place in Europe 

with the native European D. reticulatum and European beetles (Armsworth et al. 

2005; Bursztyka et al. 2013, 2016, 2018). These studies prompt questions about the 

predator-prey dynamics in the Mid-Atlantic United States, where the native slug 

Deroceras laeve can dominate crop fields (Getz 1959; Douglas and Tooker 2012) and 

interact with a host of carabid beetle species, the majority of which are native (Clark 

et al. 2006). Carabid species that exert non-consumptive effects on the slug species in 

Mid-Atlantic fields may be especially valuable for biocontrol and could serve as 

indicators of the biocontrol potential of an agriculture ecosystem.  

 The robustness of slug biocontrol is also likely influenced by routine growing 

practices that can benefit or hurt predator populations. Many growers in the Mid-

Atlantic United States use practices like reduced-tillage and cover cropping that can 

favor carabid beetles abundance and diversity (Clark et al. 2006; Rowen and Tooker 

2021). While this is promising for growers’ ability to conserve and enhance naturally-

occurring biocontrol, many simultaneously use prophylactic insecticides at planting 

(Tooker et al. 2017; Papiernik et al. 2018). The primary insecticides used when 

planting corn, theoretically for soil pests, are neonicotinoid seed treatments (Tooker 

et al. 2017; North et al. 2018), and in-furrow applications of pyrethroid insecticides 
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(Bekelja et al. 2023a, 2023b). Neonicotinoid seed treatments have widely-

documented negative impacts on beneficial taxa (Mullin et al. 2005; Moser and 

Obrycki 2009; Douglas and Tooker 2016; Dubey et al. 2020), including carabid 

beetles (Albajes et al. 2003; Disque et al. 2019). Soil-applied pyrethroids can also 

disrupt carabid beetles (Lee et al. 2001; Bhatti et al. 2006). In addition to direct 

contact environmental exposure to both insecticides, systemic neonicotinoids can be 

passed up the food chain to higher trophic levels (Bredeson et al. 2015). This has 

been documented specifically in slugs and carabids: slugs that fed on neonicotinoid 

seed-treated soybean seedlings were able to pass the active ingredient to predatory 

carabid beetles while remaining unharmed themselves (Douglas et al. 2015). These 

illustrated non-target effects on carabid beetles and pathways to exposure suggest that 

the preventative use of in-furrow pyrethroids and neonicotinoid seed treatments in 

field corn may work against many growers’ desires to manage slug populations.   

 Although carabids can be key predators in agroecosystems, knowledge gaps 

preclude effective biological control of slugs in no-till field corn. In order to 

understand better how carabid beetles contribute to slug biocontrol, I conducted a 

laboratory study to evaluate whether chemically-mediated avoidance takes place 

between native predatory ground beetles and D. laeve. I compared the responses of D. 

laeve presented with cuticular extracts from two predatory carabids species, chosen 

based on my sampling in Maryland corn fields and published records of slug 

predation in North America. The first predatory species was Chlaenius tricolor, 

which has numerous records of predation on slugs (primarily D. reticulatum) 

(Larochelle 1990; Eskelson et al. 2011; Douglas 2012). The second was Poecilus spp. 
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(P. chalcites and P. lucublandis), which predate on many arthropod pests (Best and 

Beegle 1977; Menalled et al. 1999; Lundgren et al. 2009) and have been reported to 

eat slugs (Larochelle 1990). I predicted that the cuticular extracts of C. tricolor and 

Poecilus spp. would elicit an avoidance response in slugs, demonstrating evidence of 

non-consumptive effects from carabid predators. As a control to determine whether 

potential responses to the predators were specific to the predators’ identities rather 

than family-level characteristics of Carabidae, I included Amara aenae. Amara is 

generally considered a granivorous genus, although there is evidence of omnivory 

(Larochelle 1990; Frank and Shrewsbury 2004; Lundgren 2009). However, I could 

find no records of slug-feeding, and based on its small size and origin in Europe, it is 

unlikely D. laeve would be adapted to detect A. aenae. Finally, as a non-predatory, 

non-carabid control, I included the tenebrionid, Zophobas morio. This is a tropical 

species, non-predatory, and readily available as it is raised as a source of protein for 

humans and animals (Rumbos and Athanassiou 2021). I predicted that due to the lack 

of threat, slugs would not react to either of the controls.  

In addition, I conducted a three-year field study comparing predator 

communities, predation, slug activity-abundance, and slug damage in control, 

neonicotinoid seed-treated, and in-furrow pyrethroid-treated no-till field corn. Many 

studies show a link between carabid activity-abundance and slug activity-abundance, 

but do not necessarily distinguish between carabids feeding guilds (Douglas et al. 

2015; Mugala et al. 2023). Because species-level identifications can provide higher 

resolution to understand the biological connections at play in a system (Clark et al. 

2006), I identified carabids to species. I expected that insecticides would decrease 
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carabid abundance and predation, thereby increasing slug activity-abundance and 

damage. I also hypothesized that the neonicotinoid seed treatment would impact large 

carnivorous carabid beetles (especially malacophogous species) more strongly than 

the in-furrow pyrethroid, due to the risk of trophic exposure to neonicotinoids when 

attacking slugs. If the neonicotinoid seed treatment did have a greater impact on slug 

predators than the in-furrow pyrethroid, I predicted it would have a greater effect on 

the measures of slug biocontrol: predation, slug activity-abundance, and slug damage 

to seedlings as well.  

Materials & Methods 

Slug avoidance laboratory bioassays 

Organism collection, rearing, and chemical cues 

To start slug colonies, I collected D. laeve from two University of Maryland 

research farms June-July 2023. At both locations, I placed ten soapy-water shelter 

traps (Raudenbush et al. 2021) in a row in soybean fields along wooded areas. Traps 

consisted of nested 0.45 L cups (WebstrauntStore, Lancaster, PA), sunk into the 

ground, filled 1/3 with soapy water. These were covered with a 0.3 m2 roof shingle 

(The Home Depot Inc., Atlanta, GA) and secured to the ground with ground staples. 

Slug traps were interspersed with carabid traps spaced 6.6 meters apart (Appendix B, 

Fig. S1). Live slugs were primarily collected from these slug traps and additional 

slugs were occasionally hand-collected from other crops and farms. Following 

collection, I housed field-collected slugs in separate colonies for each collection 

location and date. I filled the containers with ~1 cm of moist potting soil. I kept slug 

colonies at 22°C, 75% RH, and a 16:8 L:D cycle. I fed the slugs lettuce, cabbage, and 
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kale leaves, and occasionally pieces of carrot. Each week, I checked containers for 

eggs, removed dead slugs and old cabbage, and replenished cabbage and soil 

moisture. When containers became noticeably dirty with slug fecal matter, I 

transferred slugs into new containers with clean soil and food. When the eggs 

hatched, I made new containers of roughly 45 second-generation slugs from a mix of 

locations, which I continued to maintain following the same protocol as the field-

collected slugs. Slugs used in the bioassays were all the offspring of the field-

collected slugs, and thus second generation.  

I collected live carabid beetles to generate bioassay stimuli from the same 

research farms as slug collections. Carabid beetles resembling Chlaenius tricolor, 

Poecilus spp., and Amara aenae were collected and their identities confirmed in the 

lab. In order to collect live beetles, I placed ten dry pitfall traps interspersed with the 

slug traps described above (Appendix B, Fig. S1). These traps consisted of nested 

0.45 L cups (WebstrauntStore), sunk into the ground, and covered with a 0.3 m2 of 

stiff plastic elevated by three carriage bolts. I placed 15.24 cm long plastic garden 

edging (Home Depot Inc) in an x-shape around the pitfall trap to help funnel carabids 

into the traps and increase capture (Friend et al. 1989) (Appendix B, Fig. S2). When 

not actively trapping, I prevented unnecessary capture by keeping a lid on the top cup 

in the trap. Traps were used by removing lids in the afternoon and then checking 

contents in the morning of the following day and replacing the lids until the following 

week. Following this protocol, I trapped on three dates at Queenstown and seven 

dates at Keedysville. Of those dates, no target carabids were collected from pitfall 

traps at Queenstown, while target carabids were collected on 4 dates at Keedysville. 
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Besides passive pitfall trapping, I made one night-sampling effort at each location 

where I hand-collected several beetles (Queenstown: June 29; Keedysville: July 18). I 

also hand-collected beetles (primarily Amara aenae) during the day while trap-

checking or performing other field activities. All carabid collection dates and 

locations can be referenced in Appendix B, Table S1 of the supplemental material. In 

addition to the carabid beetles collected from farms, I also used Zophobas morio 

(“giant mealworms”) to generate chemical cues. Adult Z. morio were obtained from 

the University of Maryland Insect Zoo where they are reared as a food source for 

other arthropods. 

I followed a previously published approach to make cuticular extracts 

(Bursztyka et al. 2016, 2018); I held beetles in 150-200 mL beakers with a moist 

cotton ball and no food for approximately 48 hours to clear their alimentary canals, 

chilled them at 4°C in a clean 15 ml falcon tube for approximately 4 hours or until 

immobilized, and froze them at -80°C. I weighed frozen beetles in new clean 15 ml 

falcon tubes, and added 20 mL HPLC-grade ethanol (Sigma-Aldrich, Burlington, 

MA) per gram of live weight. These beetle extractions were stored at 4°C and shaken 

twice a week for two weeks, then I removed beetles. I made working solutions by 

combining equal volumes of extractions from all the beetles of a single species, which 

I then aliquoted in 310 μL amounts in microcentrifuge tubes for use in bioassays. All 

carabids were extracted between August 11th and 25th. Extracts of Z. morio were 

made later, between September 11th and 26th.  
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Arena design and bioassay replicates 

I made two-choice arenas that allow a slug to take refuge from light in one of 

two shelters similar to those used previously (Bursztyka et al. 2013) by joining three 

355 mL clear food containers (W.B. Mason, Brockton, MA) so that the lids of the 

outside containers faced down and the middle container faced up (Fig. 2-1). Between 

the center container and the two side shelters, a 6.35 cm by 1.59 cm door was cut to 

make a three-chambered arena. The outside containers were covered in duct tape to 

make dark shelters, while the center one was left transparent to let light in and 

incentivize the slug choosing a shelter. I made 12 arenas, which I used simultaneously 

for each bioassay.  

 

 
Fig. 2-1. Side view of bioassay arena used to test slug response to beetle cuticular 
extracts. Slugs are placed in a central container 45.7 cm below a bar-shaped shop 
light, and given the choice of entering two shelters, each with a treatment- or control-
treated filter paper strip at the threshold. Slug silhouette credit: Maxime Dahirel  

 
To make a damp surface for the slugs to crawl on during the bioassay, I placed 

11 cm diameter filter papers (VWR, Radnor, PA) moistened with distilled water in 

each of the shelters and laid a strip of wet filter paper, cut from 11 cm filter papers, in 
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the center chamber extending through the doors. To make odor cues, I pipetted 100 μl 

of extracts or pure ethanol onto 6.35 cm by 1.27 cm filter paper strips and allowed it 

to dry for ten minutes. I placed these strips under the doors on same-sized strips of 

acetate in order to prevent the wet filter paper from rewetting them during the assay. 

For each temporal replicate of the bioassay, the four beetle treatments were replicated 

in three arenas. To test the bioassay design for biases I also performed replicates 

using only pure ethanol. 

 Slugs were placed in the center of the arenas confined in 2.86 cm diameter 

cylinders treated with fluon (byFormicaTM , location NA) to prevent escape, and once 

all were in place, I lifted to the cylinders to release the slugs, placed lids on center 

compartments, and turned on a bright overhead light to encourage shelter-seeking 

(Appendix B, Fig. S3 and Fig. S4). Each bioassay lasted for one hour during which 

two people observed the bioassay, each watching six of the arenas. The first choice of 

shelter, second choice of shelter, period of time before choosing a shelter, and 

whether the slug reemerged after making a choice were all recorded. All bioassays 

were run between 9:00 AM and 10:30 AM and carried out at 22°C and 48% RH. I 

performed the bioassay using beetle stimuli six times over three weeks in September 

and October 2023, for a total of 18 replicate slugs per treatment. I also performed the 

ethanol control bioassay six times over two weeks in December 2023, for a total of 72 

replicates. To prevent learning or desensitization, individual slugs were used only one 

time each. Between temporal replicates with beetle chemical cues I changed the 

placements of treatments to ensure the treatments occurred in different arenas, on 

different shelter sides, and adjacent to different treatments over the study (Appendix 
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B, Fig. S5 and Fig. S6). Between all temporal replicates I washed the arenas and 

acetate strips with hot water and ethanol. 

 

Statistical analysis 

For bioassays with beetle stimuli, I used exact binomial tests for each beetle 

treatment to test whether the probability of slugs entering control shelters was 

significantly different from 0.5, excluding slugs that had not made a choice after one 

hour. I used the binom.test function in Rstudio (R Core Team 2023), and tested both 

first and final shelter choices. To determine if the likelihood of slugs not responding 

was influenced by the beetle treatment, I used a generalized linear mixed model using 

the ‘glmer’ function (Bates et al. 2023) with a binomial distribution. I specified beetle 

treatment as the explanatory variable, and temporal replicate as a random effect. 

Overdispersion was checked, and the data complied with the assumptions of the 

binomial distribution. The time taken to choose a shelter was also compared between 

beetle treatments with a linear mixed effects model using ‘lmer’ (Bates et al. 2023), 

where treatment was the fixed effect and temporal replicate was the random effect. 

Non-responder and time models were checked for assumptions of normality using a 

Shapiro-Wilk test, although I did not change the time model when it failed to meet 

assumptions of normality as linear mixed effects models are robust to non-normality 

(Schielzeth et al. 2020). I tested heterogeneity of variance with Levene’s test from the 

‘car’ package (Fox et al. 2023). For both the validation bioassays using only ethanol 

as well as the bioassay testing response to beetle stimuli, I tested whether the 

proportion of responding slugs choosing the left versus the right shelter differed from 
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0.5 using an exact binomial test (R Core Team 2023). For the bioassay testing 

response to beetle stimuli, I tested side preference over the whole experiment, within 

beetle treatments, and within temporal replicates.  

 

Field comparison of influence of insecticides on carabid biological control of 

slugs  

Sites, design, and treatments 

This study took advantage of a larger field experiment that examined insect 

pest pressure in separate Bt hybrid and non-Bt hybrid fields (Cramer and Hamby in 

review). In short, each field corn hybrid was planted as early as possible ranging 

between May 4 and June 2 depending on year and site, at three Maryland research 

farms: the Central Maryland Research and Education Center (Beltsville, MD), the 

Wye Research and Education Center (Queenstown, MD), and the Western Maryland 

Research and Education Center (Keedysville, MD) from 2020-2022 (Appendix A, 

Table S1). Three insecticide treatments: (1) bare, untreated seed with no insecticide 

applied in furrow, (2) seed treated with Poncho® (Bayer Crop Science, Leverkusen, 

Germany), active ingredient clothianidin, at a rate of 0.25 mg/seed, and (3) bare seed 

with Capture LFR® (FMC Corporation, Philadelphia, PA), active ingredient 

bifenthrin, applied in-furrow at the rate of 0.99 L/ha were replicated three times in 

each field in a complete Latin square design with a seeding rate of 74,100 seeds/ha. 

Each replicate plot was a minimum of 61 m in length and 24 rows at 0.6 m spacing, 

the largest plot size the research farms could accommodate (Appendix A, Fig. S1). 

 



 

 42 
 

Predator community activity-abundance and predation on sentinel prey 

All sampling was carried out with the help of undergraduate research 

technicians. We measured slug predator activity-abundance using pitfall traps. These 

traps were the same as those used to collect live carabids for the laboratory study, but 

without the garden edging drift fences. We placed two pitfall traps per plot (Appendix 

B, Fig. S7). The traps were collected weekly for 2-3 weeks (Appendix B, Table S2), 

filtered, and contents stored in 70% ethanol. We counted the adult staphylinids, larval 

beetles (carabids, staphylinids, and lampyrids), spiders, and centipedes in each sample 

and pinned carabid beetles for identification. While we planned to count opilionids as 

well, none were captured in the study. All carabid beetles were identified to species 

with the exception of Amara (Amara) species, as the genus is primarily phytophagous 

and was not a focal group, one teneral Agonum specimen, one teneral Bradycellus 

specimen, and forty specimens which were an undescribed Pterostichus (Abacidus) 

species. Following identification, species were classified into separate feeding guilds 

based on previously published literature on diet (Appendix B, Table S3). In cases 

where there were no reports on a taxon’s feeding habits, I classified that taxon based 

on other members of the genus or tribe.  

            We measured the predation by potential slug predators using sentinel prey, 

placing four sentinel prey cages in each replicate plot (Appendix B, Fig. S7). 

Waxworm caterpillars, Galleria mellonella L., were used as a stand-in for slugs 

(Lundgren et al. 2006; Douglas et al. 2015) because of difficulty in restraining slugs. 

We secured five healthy waxworm larvae (Grubco, Fairfield, OH) to index cards 

using double-sided hem tape (Jo-Ann Stores LLC, Hudson, OH) and clear scotch 
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tape. We made four index cards of larvae per plot, for a total of 20 larvae per plot. We 

prepared index cards the day of deployment and transported them to the field in a 

cooler with ice packs. To exclude vertebrate predators, we placed index cards in 

circular cages made from 1.27 cm mesh, 19-gauge hardwire cloth (Home Depot Inc) 

secured to the ground with one ground staple. We covered cages with clear 15.2 cm 

by 1.3 cm petri dishes. Waxworms were placed in the field for approximately twelve 

hours overnight, collected in the morning, and immediately evaluated or frozen for 

later evaluation. We counted larvae showing signs of damage, and recorded the 

number of intact, predated on, and missing larvae per card. In 2020 each farm was 

sampled 2 or 3 times with sentinel prey, and in 2021 and 2022 each farm was 

sampled 3 times (Appendix B, Table S2). 

 

Analysis of carabid community and predation  

 Initial data exploration indicated that sampling week did not impact carabid 

activity abundance, so to determine relationships between the overall carabid beetle 

community and my insecticide treatments, I conducted distance-based redundancy 

analysis (RDA) on season total counts of all carabid species. RDA was performed 

with the function ‘capscale’ in the R package ‘vegan’ using square-root transformed 

Bray-Curtis distances (Oksanen et al. 2022). Year, location, and field were included 

in the “condition” argument of the model to block for variability due to these factors. 

To evaluate the significance of the model, a permutation test with 999 iterations was 

carried out using ‘vegan’ (Legendre et al. 2011). 
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 In addition to RDA, I tested the effect of treatments on the carabid 

community, carabid activity abundance, and predation data with linear mixed models. 

Species richness (total number of species), diversity (Shannon’s H), and eveness 

(Pielou’s E) (Maksimovich et al. 2023) were calculated using the season totals for 

each replicate plot. I analyzed weekly capture of all carabids and large carnivorous 

carabids, and season total captures of Chlaenius tricolor, Poecilus chalcites, 

Pterostichus permundus, Amara spp. (not identified to species), and Stenolophus 

ochropezus. Sentinel prey data were added across cages to give a total number of 

larvae unharmed and damaged per plot, and the percent predation was calculated for 

use as the response variable. All variables were analyzed by linear mixed model 

specifying treatment as the explanatory variable and including the random effects of 

year and field nested inside location. Weekly counts of all carabids and sentinel prey 

predation also included week nested within year as a random effect, while season 

totals only included year. As noted earlier, linear mixed models are robust to non-

normality, so I typically did not transform data when they failed assumptions of 

normality determined by a Shapiro-Wilk test, however I did remove site-years 

(location, corn, year observations) with extremely low predation (< 5%), or individual 

carabid species (< 1) in order to improve model fit and ensure that I was only testing 

the effect of treatment when predation and predators were present during a sampling 

effort. I tested heterogeneity of variance using Levene’s test as described earlier and 

two variables, weekly carabid activity abundance and weekly large carnivorous 

carabid activity abundance, had heterogeneous variance, which I addressed with a log 

(x + 1) transformation. When treatment significantly affected the response variable, I 
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performed post-hoc tests with ‘emmeans’ using a Tukey HSD adjustment (α = 0.05) 

(Lenth et al. 2023). 

 

Seedling slug damage and slug activity abundance 

To evaluate the impact that NSTs and in-furrow pyrethroids had on slug 

damage, we sampled plants in the V2-V4 growth stage 3-4 weeks after planting 

between May 25 and June 21. In each plot we sampled three 15.2 m of row (~ 4.6 m 

apart) moving diagonally across the interior of the plots, counting the number of 

healthy plants (stand) and slug-damaged plants (Appendix B, Fig. S8). Because this 

was part of a study on insect pest pressure as well, we simultaneously counted insect-

damaged plants, but only one pest category, the one accounting for the greatest area 

damaged, was recorded for each plant. Because soil pests typically killed entire 

plants, we counted these plants as soil pest-damaged and did not record slug damage 

that occurred to them. However, overlapping damage was rare and insect damage did 

not often subsume slug damage. Stunted plants (those less than half the size of the 

average seedlings) were not included in slug damage sampling. In order to assess the 

severity of slug damage, in 2021 and 2022, we recorded the leaf area damaged in cm2 

to the nearest 0.25 cm2 for the all leaves except for the cotyledon using a transparent 

grid.  

To study whether the neonicotinoid seed treatment and in-furrow pyrethroid 

impacted slug activity-abundance in corn, we measured slug activity-abundance with 

two pitfall shelter traps per replicate plot (Appendix B, Fig. S7). Traps were as 

described in the collections for the laboratory study and shingles were secured with 
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heavy stones in 2020 and 2021 and ground staples in 2022 to prevent removal by 

wind and animals. The first sampling date was typically two weeks after planting, but 

in 2021 was delayed to three weeks following planting. We counted the slugs under 

them once a week for at least six weeks in all years (Appendix B, Table S2).  

 

Analysis of slug response variables 

Slug damage incidence and slug activity abundance data were pooled within 

replicate plots by summing subsamples or traps. The mean slug damage severity was 

calculated for all the damaged plants within a replicate plot. All data were analyzed 

with linear mixed model using ‘lmer’, specifying treatment as the fixed effect and 

year, location, and corn hybrid as fixed effects, with corn hybrid nested within 

location. For the counts of slug-damaged plants, I included an offset term to account 

for varying plant stand between plots. For slug activity abundance I analyzed slug 

counts for the single week closest to the seedling damage sampling, because those 

counts were highly correlated with damage. As with carabid and predation data, I did 

not transform data when they failed assumptions of normality determined by a 

Shapiro-Wilk test, but did remove site-years (location, corn, year observations) with 

extremely low slug damage (≤1%) and counts of slugs (≤1). I tested heterogeneity of 

variance with Levene’s test, and all models satisfied the assumption of homogeneity. 

Due to non-normality, correlations of slug counts with the percent of slug-damaged 

plants were performed using Kendall’s tau correlation test in ‘cor.test’ (Gilpin 1993; 

Makowski et al. 2020; R Core Team 2023) with all observations included in the 

correlation. 
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Results 

Slug avoidance laboratory bioassays  

Chlaenius tricolor (CT) was the only carabid beetle chemical cue where slugs 

chose the control shelter more than half the time (Fig. 2-2). In the CT treatment, for 

both first and final choices, slugs entered the control shelter in 13 out 15 cases, 

significantly different from the predicted probability of 0.5 (for both: p = 0.007). In 

contrast, Poecilus spp. (PS) chemical cue shelter preference did not significantly 

differ from the 0.50 predicted probability for random choice in either the first choice 

or final choice (for both: N = 14, p = 0.180).  

 
Fig. 2-2. Total Deroceras laeve in control shelters (black) and beetle cuticular extract 
shelters (CT = Chlaenius tricolor, PS = Poecilus spp., AA = Amara aenae, and ZM = 
Zophobas morio) in their final choice, as well as the number of slugs that did not 
respond for each beetle treatment (N = 18 slugs per treatment). Whether the 
proportion of slugs choosing the control shelter was significantly different from 0.50 
was analyzed for each treatment using an exact binomial test (* p = 0.05). Non-
responders were compared between treatments by generalized linear mixed model 
and did not differ (α = 0.05). 

Deroceras laeve did not avoid the stimulus derived from the non-carnivorous 

control carabid Amara aenae. In their first choice, 8 of 15 slugs chose the control 

shelter, and in their final choice, 5 of 14 chose the control (Fig. 2-2). These choices 

were not different from random choice (first: p = 1.000; final: p = 0.424). Similarly, 
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D. laeve did not avoid the Zophobas morio stimulus. In first and final choices, D. 

laeve chose the control shelter in 10 of 13 and 9 of 12 trials, respectively (initial: p = 

0.092; final: p = 0.146). Of the 18 replicate bioassays that I conducted for each beetle 

treatment, not all slugs chose a shelter. About 24% of slugs stayed in the center of the 

arena, often becoming quiescent over the course of the bioassay. The probability that 

slugs would not respond was similar between beetle stimuli (Fig. 2-2, 𝜒𝜒23 = 1.44, p = 

0.695). The amount of time it took slugs to choose a shelter was also similar between 

beetle stimuli (F3, 49 = 0.25, p = 0.864). The overall mean time it took slugs to choose 

a first shelter was 8.19 ± 1.46 minutes.  

When slugs were given the choice between two shelters without any beetle 

stimuli, I detected a significant preference for left shelters over right shelters (initial: 

N = 59, p = 0.009; final: N = 56, p = 0.044). However, this left bias did not occur in 

beetle stimuli bioassays when all treatments and replicates were combined (initial: N 

= 57, p = 1.000; final: N = 55, p = 0.590) or when bias was checked within treatments 

and replicates (Appendix B, Table S4). In control bioassays without beetle stimuli, 

about 21% of slugs did not choose shelters, and the mean time until the first shelter 

was chosen was 17.59 ± 2.14 minutes.  

 

Carabid community, activity abundance, and sentinel prey 

Across three years and three locations, I trapped and identified 55 species or 

morphotypes of carabid beetles in 27 genera. The five most abundant taxa were 

Pterostichus permundus (537), Chlaenius tricolor (373), Amara (Amara) spp. (191), 

Poecilus chalcites (179), and Stenolophus ochropezus (153). Of the top 15 taxa, 11 
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were primarily carnivorous species (Appendix B, Fig. S9). Of the nine species that 

were found at more than half (≥ 9) of all site-year-fields, five were primarily 

carnivorous (Fig. 2-3). Chlaenius tricolor was present at the most site-year-fields (17 

out of 18), and was the second most abundant species across the study. Three species 

in the primarily carnivorous genus Pterostichus were among the 15 most abundant 

species (Appendix B, Fig. S9), but occurred almost exclusively at only one location 

(Keedysville).  

 
Fig. 2-3. Site-year-field occupancy for species collected in over half of the site-year-
fields (≥ 9). CT = Chlaenius tricolor, AP3 = Agonum punctiforme, DE = Dicaelus 
elongatus, PC = Poecilus chalcites, EX = Elaphropus xanthophilus, AR3 = 
Anisodactylus rusticus, PB = Paraclivina bipustulata, AS2 = Amara spp. (not 
identified to species), and SO = Stenolophus ochropezus. 

Distance based redundancy analysis did not reveal variation in the carabid 

community due to treatments (F2, 34 = 0.91, p = 0.722) (Appendix B, Fig. S10). 

Although richness and evenness were similar across all treatments (F2, 151 = 1.03, p = 

0.359; F2, 151 = 2.18, p = 0.117), insecticide treatments impacted diversity (F2, 151 = 

4.45, p = 0.013), with greater diversity in the in-furrow pyrethroid treatment 

compared to the control, while the neonicotinoid seed treatment did not differ from 

either (Appendix B, Table S5). The activity abundance of all carabids and of large 

carnivorous carabids was similar across treatments (F2, 452 = 0.44, p = 0.647 
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(Appendix B, Fig. S11); F2, 452 = 0.40, p = 0.668 (Fig. 2-4), respectively). The number 

of large carnivorous beetles trapped per replicate plot ranged from 0.33 to 15.89 

across year, locations, fields, and sampling weeks. The overall mean number trapped 

per week was 2.80 ± 0.19 per replicate plot, summed over the two pitfall traps. 

Counts of the five species analyzed individually [Chlaenius tricolor, Poecilus 

chalcites, Pterostichus permundus, Amara spp. (not identified to species), and 

Stenolophus ochropezus] were similar between insecticide treatments (Appendix B, 

Table S6).  

 
Fig. 2-4. Mean ± standard error (SE) activity abundance per plot of large carnivorous 
carabid beetles trapped per week in untreated control, in-furrow pyrethroid-treated 
(IFP), and neonicotinoid seed treatment-treated (NST) corn across three years, three 
locations, and two fields. Counts were compared between treatments using a linear 
mixed model specifying week nested within year and field nested within location as 
random effects. There were no differences between treatments (α = 0.05). 

Predation on sentinel prey was similar across treatments (F2, 416 = 2.04, p = 

0.131) (Fig. 2-5). Out of 52 separate sampling efforts, I found ≥ 5% damage across 

treatments in all but four. In cases where there was ≥ 5% predation, the percent of 

predation on sentinel prey pooled across treatments ranged from 5.00% to 62.78%, 

with a mean of 16.40 ± 0.81%. Predatory organisms observed feeding on sentinel 
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prey included carabid beetles, wolf spiders (Lycosidae), and crab spiders 

(Thomisidae).  

 
Fig. 2-5. A) Mean percent ± standard error (SE) of sentinel prey (Galleria mellonella 
larvae) damaged by predators once a week in untreated control, in-furrow pyrethroid-
treated (IFP), and neonicotinoid seed treatment-treated (NST) corn across three years, 
three locations, and two fields. The percent of larvae that were damaged were 
compared between treatments by linear mixed model specifying week nested within 
year and field nested within location as fixed effects. There were no differences 
between treatments (α = 0.05). B) and C) show sentinel prey cards after deployment. 
In B) three larvae show signs of predation, while two are intact. In C) two caterpillars 
are missing, two show staining from predation, and the third one is present with 
predation marks.  

 

Slug activity abundance and damage 

Slug activity-abundance sampled within a week of seedling damage sampling 

was similar across treatments (F2, 115 = 0.03, p = 0.975) (Fig. 2-6). Out of eighteen 

site-field-year sampling efforts, fourteen had at least one slug per replicate plot on 

average. Counts below one slug per plot occurred in both fields at Keedysville in 

2020 and both fields at Beltsville in 2022. Of sampling efforts that had at least one 

slug per replicate plot, slug counts pooled across treatments ranged from 2.11 to 

33.33 slugs counted on one sampling date, and averaged 10.36 ± 1.12 slugs per plot.  
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Fig. 2-6. Mean ± standard error (SE) activity abundance per plot of slugs (Deroceras 
reticulatum and Deroceras laeve combined) on the sampling date closest to seedling 
sampling in untreated control, in-furrow pyrethroid-treated (IFP), and neonicotinoid 
seed treatment-treated (NST) corn across three years, three locations, and two fields. 
Counts were compared between treatments using a linear mixed model specifying 
year and field nested within location as random effects. There were no differences 
between treatments (α = 0.05). 

 
Counts of slug-damaged seedlings were similar between insecticide treatments 

(F2, 116 = 0.72, p = 0.488) (Fig. 2-7A). Four site-field-years had less than 1% of 

seedlings damaged on average and were excluded from the analysis. These were the 

non-Bt field at Queenstown in 2020, the non-Bt field at Beltsville in 2021, and both 

fields at Beltsville in 2022. These low-damage site-field-years did not overlap with 

those where slug activity-abundance was less than one per replicate plot on average. 

Of the fourteen site-field-years where the mean percent of damage was above 1% of 

plants, damage ranged from 2.56% to 97.44% with a mean of 19.91 ± 3.06% of 

seedlings damaged. The greatest percent damage occurred at Keedysville in 2021. 

The area damaged per plant was similar between treatments (F2, 79 = 2.02, p = 0.142) 

(Fig. 2-7B). Damaged area ranged from 0.25 cm2 to 1.25 cm2 per plant and averaged 

0.59 ± 0.05 cm2 per plant across the study. The greatest area damaged also occurred 

at Keedysville in 2021. 
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Fig. 2-7. A) Mean percent ± standard error (SE) of seedlings sampled that were 
damaged by slugs, and B) mean area (cm2) ± standard error (SE) of damage per slug-
damaged plant for untreated control, in-furrow pyrethroid-treated (IFP), and 
neonicotinoid seed treatment (NST)-treated field corn across three years, three 
locations, and two fields. Statistical analysis for damaged seedlings was performed on 
the corresponding count data using a linear mixed model specifying year and field 
nested within location as random effects and including an offset of the log of plant 
stand. Analysis of damage area was performed with linear mixed model, excluding an 
offset term. There were no differences between treatments (α = 0.05). 

 
Slug damage positively correlated with the activity abundance of slugs 

sampled within a week of seedling damage sampling (tau = 0.25, p < 0.001) across 

years and locations. However, when locations were examined individually, the 

positive relationship between slug count and slug-damaged plants was present at 

Keedysville and Queenstown, but not Beltsville (Fig. 2-8).  
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Fig. 2-8. Correlations of slug activity-abundance with the percent of slug damaged 
plants in replicate plots at A) Keedysville, B) Beltsville, and C) Queenstown in 2020-
2022. Correlation used Kendall’s rank correlation coefficient. Grey shading indicates 
95% interval of the trendline.  

Discussion 

The goals of my laboratory and field studies were to elucidate carabid beetle 

predators’ roles in slug biocontrol and to determine whether at-planting insecticides 

impact the carabid community, predation on slugs, slug activity abundance, and slug 

damage to the seedling corn. Deroceras laeve can detect and avoid the chemical cues 

of at least one predatory carabid, thus it is possible they may experience non-

consumptive effects. In addition, key predators were widespread and abundant across 

sampling sites. I did not find evidence that the at-planting insecticides negatively 

impacted slug predators and their biocontrol abilities or that slugs were yield-limiting 

pests in corn, even at their most abundant.  

 Slugs responded differently to cuticular extracts from the predatory beetles 

Chlaenius tricolor and Poecilus spp. Chlaenius tricolor extracts elicited an avoidance 

response, while slugs did not respond to cues from Poecilus spp. The shelter choice 

for slugs in the phytophagous Amara aenae and Zophobas morio trials were also not 

different from random chance, demonstrating that the effect seen for C. tricolor was 
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not simply the response of slugs to any carabid beetle, or any beetle, more generally. 

In previous research with carabid beetles, slugs discriminated between species posing 

more or less of a predation risk (Bursztyka et al. 2013, 2018). While both Poecilus 

spp. and C. tricolor have been recorded feeding on slugs (Larochelle 1990), the 

records for C. tricolor are more recent and extensive, including gut content analysis 

of field-collected beetles in Kentucky strawberry production (Eskelson et al. 2011) 

and laboratory feeding assays (Douglas 2012), establishing clear trophic links. 

Another potential reason that slugs did not significantly respond to Poecilus spp. 

cuticular extracts may have been because my sample size (n = 14) was insufficient to 

find differences in a less consistently avoided beetle species, including Z. morio. 

Although Z. morio does not pose a threat to slugs, they produce chemicals that deter 

vertebrate predators (Tschinkel 1975; Perez-Santaescolastica et al. 2023). While I 

tested slug responses to C. tricolor and Poecilus spp. because they dominated my 

study sites as well as others (Brichler 2020), they are not always the most abundant 

predators. For example, in a Maryland study in 2001-2002, Scarites quadriceps was 

the most abundant predator (Clark et al. 2006), while in other locations, Calathus 

(Lamagdeleine-Dent 2018) or Pterostichus (Lee et al. 2001; Douglas 2012) species 

dominated. It would be valuable to explore the slug responses to beetles in these 

genera to better understand their interactions and the potential for non-consumptive 

and consumptive slug biocontrol interactions in different systems.  

 It is also important to note that there was a significant left bias in the 

validation bioassays that were run without beetle cuticular extracts. It is unclear why 

this bias occurred although it is possible that the slugs may have been affected in 
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some way by the main lab room which was located to the left of the location of the 

bioassay arenas, although separated by a door which I kept shut throughout the 

bioassays. I did not detect this bias in the bioassays performed with beetle extracts, 

and this fact combined with the beetle extracts being placed in front of the left and 

right shelters and equal number of times indicates that the bias was unlikely to affect 

the results from my experiments with cuticular extracts.  

 While my bioassay results dovetail with field studies demonstrating that 

carabid activity abundance explains slug activity abundance in crop fields (Mugala et 

al. 2023), I did not find evidence that the early-season insecticides routinely used in 

field corn production negatively impact carabid populations. Despite previous studies 

where insecticides reduced slug-predatory taxa in general (Douglas et al. 2015), and 

overall carabid activity-abundance (Lee et al. 2001; Albajes et al. 2003; Disque et al. 

2019; Maksimovich et al. 2023), my insecticide treatments did not change the 

activity-abundance of total carabids, primarily carnivorous species, or individual 

focal taxa, or drive variation in the composition of the carabid community. Across 

treatments, Chlaenius tricolor was the most widespread and second most trapped 

species. Beetles in other largely carnivorous genera like Pterostichus, Poecilus, and 

Dicaelus were also common. The richness and evenness of carabid species trapped 

also did not differ between insecticide treatments, however species diversity was 

higher in the in furrow pyrethroid treatment than the untreated control. This is 

contrary to previous studies finding diversity unchanged between high- and low-input 

systems (Dritschilo and Erwin 1982; Maksimovich et al. 2023), or higher diversity in 

reduced-input or organic systems (Ellsbury et al. 1998; Clark et al. 2006). Sublethal 
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effects of insecticides can increase carabid capture in pitfall traps due to attraction to 

dead prey or searching for scarce prey (Dixon and McKinlay 1992), or excitation 

from the insecticide itself (Prasifka et al. 2008). It is possible that if such increased 

activity primarily took place in non-dominant taxa this could manifest as greater 

diversity. In general, as activity abundance of large carnivorous species and focal taxa 

were unchanged, it is unlikely these effects would have ramifications for slug 

biocontrol. 

There are several possible explanations for why the carabid community was 

generally unaffected by insecticides in my study in contrast with previous studies. 

The first is that the specific treatments I used may not have been high-risk to the 

carabid species in this system. I tested an in-furrow application of a pyrethroid, which 

may present less risk to carabids than the soil surface pyrethroid applications that 

have been more widely-studied (Lee et al. 2001; Prasifka et al. 2008; Maksimovich et 

al. 2023). Neonicotinoid seed treatments are theoretically targeted to herbivores as the 

systemic insecticide is only applied to the seed (Jeschke et al. 2011). When carabids 

were exposed to active ingredients via their slug prey, it occurred in a year with 

“intense” slug populations (Douglas et al. 2015). It is possible the low slug 

populations in most site-years of my study meant that carnivorous carabids were 

consuming other prey items with less risk. On the other hand, carabids have also been 

reduced by neonicotinoid seed treatments in cases without specific evidence of 

trophic exposure (Albajes et al. 2003; Disque et al. 2019). In the context of these 

studies, my results suggest that neonicotinoid seed treatments have variable impacts 

on carabids resulting in inconsistent patterns. These small and variable impacts can 
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hide small changes that add up to have serious consequences for non-target organisms 

(Douglas and Tooker 2016).  

 Another possible reason that at-planting insecticides generally did not affect 

the predator community may have been that my plot size and landscape heterogeneity 

allowed a constant supply of carabids to replace any harmed by the treatments. The 

presence of refuges in fields allows carabids to recover from insecticide exposure 

(Lee et al. 2001), and although my fields did not contain dedicated refuges, untreated 

forest and brush patches, agricultural drainage ditches, or grassy margins were always 

nearby which could have served as reservoirs of non-exposed beetles. In my study 

design, I intentionally used the largest replicate plot sizes that could be 

accommodated by the research farms (61 x 14.4 m, 878.4 m2) and placed pitfall traps 

in the interior of the plots to reduce spillover from adjacent plots and non-crop areas. 

Smaller plot sizes have been sufficient to detect community differences between 

tillage regimes (Clark et al. 2006) and insecticide-use (Bhatti et al. 2006). However, 

carabid beetles are highly mobile and many species can travel as much as 79 meters 

per day in agricultural landscapes (Allema et al. 2015). Some degree of movement 

into and between plots was probably taking place, suggesting that the results in my 

study plots may not fully capture the effects that could result from using 

neonicotinoid seed treatments and in-furrow pyrethroids on a farm-scale.   

 Finally, while the historic use of insecticides on the research farms is not fully 

known, it is likely that it follows national trends of extensive neonicotinoid seed 

treatment use, as corn is a regular part of rotations and untreated corn seed is often 

nearly impossible to obtain (Douglas and Tooker 2015; Hitaj et al. 2020). Historic 



 

 59 
 

insecticide use may have already shaped the carabid community such that sensitive 

species were missing leaving more resilient species dominant in my plots. Natural 

enemies can even develop insecticide tolerance in systems where they are repeatedly 

exposed to insecticides meant for pest species (Horowitz and Ishaaya 2016), and this 

phenomenon has been demonstrated in a European carabid species (Sowa et al. 2022). 

While carabids and predation were present across the research farms despite historic 

neonicotinoid use, this study did not test whether the community I saw was one 

shaped by long-term insecticide-use patterns.  

 Because treatments did not affect the communities of carabid beetles, it is 

unsurprising that they also did not impact predation on sentinel prey. Across 

treatments, predation rates indicated widespread activity of predators in my crop 

fields. Although I usually saw at least 5% predation, my predation levels tended to be 

lower than previous studies (Lundgren et al. 2006; Douglas et al. 2015; Rivers et al. 

2018; Busch et al. 2020; Rowen and Tooker 2021; Le Gall et al. 2022; Rowen et al. 

2022). For example, in a comparison of neonicotinoid seed treated and control 

soybeans, 33% of prey in the control and 22% of prey in the treatments were attacked 

(Douglas et al. 2015), in contrast with the average of ~16% predation across my 

treatments when low-predation efforts were removed. Other studies’ sentinel prey 

consumption rates are even higher: for example, in an organic-transition grain system 

in Illinois, 55% of prey were consumed (Lundgren et al. 2006), and green-planted 

corn and soybeans had about 87% of sentinel prey consumed (Le Gall et al. 2022). 

This difference may be due in part to the number of sentinel prey used: I deployed 20 

larvae per plot, whereas the highest number of larvae in previous studies was 16 
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(Busch et al. 2020). Sampling period and timing are other factors that might drive 

differences between my predation rates and those in other studies. Earlier sampling 

dates can have less predation than those in the mid- and late-season (Rowen and 

Tooker 2021; Rowen et al. 2022), and predation can also increase with warmer 

temperatures (Busch et al. 2020). In all but one year I completed sentinel prey 

sampling before mid-June, which was much earlier than some studies (Le Gall et al. 

2022; Rowen et al. 2022). Further, many studies deployed prey for 24 hours (Rivers 

et al. 2018, 2020; Rowen and Tooker 2021; Le Gall et al. 2022; Rowen et al. 2022), 

while I placed prey in the field overnight for about 12 hours. This may have reduced 

the amount of predation, although ideally it restricted predation to primarily nocturnal 

beetles, providing a clearer picture of predation due to carabids rather than other 

arthropods. For all of these reasons, it is difficult to make comparisons with other 

studies, but similar community composition and levels of predation occurred across 

site-years throughout the study.  

 Consistent with the lack of predator and predation differences between 

treatments, and no direct effect of insecticides on slugs, slug activity abundance and 

slug damage were also unaffected by treatments. Slug activity abundance was similar 

to what has been observed previously in no-till fields: the unfiltered mean count of 

slugs on the sampling date closest to seedling sampling across the entire study 

translated to approximately 4 slugs per pitfall-shelter trap, higher than in some studies 

using only shingles (Rowen and Tooker 2020; Le Gall et al. 2022), but similar to 

those found when using pitfall shelter traps (Raudenbush et al. 2021). Average 

unfiltered slug damage across my study was about 15%, and the average amount of 
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damage per plant was about 0.6 cm2. Most other studies present damage within 

individual years, where damage can average as high as 50% of plants, but is usually 

below 25% (Rowen and Tooker 2020; Le Gall et al. 2022). While hard to compare, 

this may be similar to what I saw, where damage across site-year-fields ranged from 

about 2.5% to 97%. Slug populations and damage in my study may have been 

regulated by top-down effects from predators, including the carnivorous carabids 

ubiquitous throughout. Bottom-up effects can also regulate slug damage (Le Gall et 

al. 2022); however, in my research plots the cover crops were killed prior to planting 

and weeds were effectively managed, so it is unlikely slugs had many other food 

sources to distract them from the crop. In any case, slug damage was usually low in 

incidence and severity.  

 While some studies are able to detect a robust relationship between slug 

activity-abundance and seedling damage in corn (Busch et al. 2020), soybeans 

(Douglas et al. 2015) and wheat (Glen et al. 1993), these variables were inconsistently 

related in my study. At Keedysville and Queenstown, as slug activity abundance 

increased, slug damage also increased, but at Beltsville there was no relationship. 

Additionally, at Queenstown the relationship was only a weak one. These results may 

have come from microclimatic differences: slug activity and feeding are significantly 

impacted by soil surface moisture (Young and Port 1991), temperature (Wareing and 

Bailey 1985; Forbes et al. 2020; Mugala et al. 2023), and sometimes rainfall (Forbes 

et al. 2020; Mugala et al. 2023). My farms spanned the growing regions of Maryland, 

from well-drained sandy soils and warmer temperatures at Queenstown on the eastern 

shore and Beltsville in suburban central Maryland, to denser soil and cooler 
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temperatures at Keedysville, which is located in the western mountain area. This 

suggests that, not unexpectedly, the same number of slugs will cause more feeding 

injury when conditions favor their activity. Predicting the risk presented by a given 

population of slugs under any kind of trap should take into account current and future 

weather patterns, field conditions, and crop growth stage. Finally, it is possible that 

the lack of correlation between slug count and slug damage may be due to alteration 

of the slug behavior through non-consumptive effects. In this case it may point to the 

system regulating slug populations to acceptable levels, perhaps through a robust 

population of predators. 

Conclusions 

Primarily carnivorous carabid beetles, especially Chlaenius tricolor, which I 

demonstrated was avoided by Deroceras laeve, were widespread and abundant 

throughout no-till corn fields in Maryland over nine site-years. Carabid populations 

overall and individual taxa were not affected by the neonicotinoid seed treatments or 

in-furrow pyrethroids used in this study, and carabids in general were abundant in 

spite of long-term insecticide-use on the research farms. Additionally, I observed 

predation across most sampling efforts. These results show that naturally-occurring 

biocontrol agents may be helping growers in heterogeneous landscapes manage slugs 

even without the adoption of specific biocontrol-centric practices. Nonetheless, the 

widely-demonstrated non-target effects of both classes of preventative insecticides on 

carabids and lack of consistent yield benefits suggest that they should be used with 

caution.  
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Chapter 3: Trophic RNAi exposure risks for a beneficial 

coccinellid in corn 

Abstract 

Corn expressing RNAi traits is one of the latest technologies for combatting 

Diabrotica virgifera virgifera LeConte, or corn rootworm. Because of the limited and 

diminishing suite of options for managing this devastating pest, it is likely that this 

corn will be planted widely. While RNAi was initially thought to be species-specific, 

testing has revealed that dsRNA targeting pest species can negatively impact 

important natural enemies like lady beetles. However, it is unlikely that primarily 

entomophagous natural enemies would consume dsRNA-expressing plant tissue. 

Instead, it is possible that they are at risk of consuming gene-silencing molecules 

through their herbivore prey. To better understand if trophic exposure is a risk for 

natural enemies, I conducted a trophic exposure experiment using the worst-case 

scenario of exposing the predatory lady beetle Coleomegilla maculata to aphid prey 

that had been injected with dsRNA targeting C. maculata v-ATPase. Although I 

confirmed that v-ATPase dsRNA causes mortality when injected directly into adult 

lady beetles, when fed in water droplets or via injected aphids, v-ATPase did not 

result in lady beetle mortality. I was not able to definitively determine whether 

trophic exposure risk is present for natural enemies, but I was able to demonstrate that 

aphid injection and feeding to lady beetles is possible. A different choice of gene or 

lady beetle species might be better suited to trophic risk testing. Genes with 

distinctive but non-lethal phenotypes, such as developmental genes, may have more 
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detectable impacts, and provide necessary resolution if the RNAi effect is diluted 

across trophic levels.  

Introduction 

Conventional insecticides frequently exhibit broad-spectrum activity which 

can negatively impact non-target organisms and the environment (Sánchez-Bayo 

2012). The use of these products can also trigger secondary pest outbreaks that 

require additional management interventions (Stern et al. 1959). The potential to 

avoid such non-target effects has encouraged the development of RNA interference 

(RNAi)-based pest management approaches (Huvenne and Smagghe 2010; Seiber et 

al. 2014). RNAi impacts pests by silencing essential genes with targeted double 

stranded RNA (dsRNA) molecules (Fire et al. 1998; Jose and Hunter 2007; Scott et 

al. 2013). This allows management to be “tailored” to the gene sequence of a pest 

species (Whyard et al. 2009). Multiple effective insecticidal dsRNAs have been 

successfully designed and delivered (Zhao et al. 2008; Bautista et al. 2009), and 

transgenic plants engineered to express dsRNA are particularly promising (Baum et 

al. 2007; Mao et al. 2007; Zha et al. 2011). Delivering dsRNA through transgenic 

plants may additionally confine exposure to the organisms that feed on the plant, 

typically herbivores that are considered pests.   

In June 2017 the United States Environmental Protection Agency approved 

transgenic corn products containing the RNAi trait DvSnf7 to target Diabrotica 

virgifera virgifera LeConte, or western corn rootworm (Gassmann et al. 2019; 

Christiaens et al. 2022), a major corn pest throughout the corn belt. The economic 

impact of D. v. virgifera is estimated to exceed $1 billion annually due to losses and 



 

 65 
 

control costs (Dun et al. 2010; Tinsley et al. 2013) and it notoriously develops 

resistance to control tactics including crop rotation, insecticides, and transgenic Bt 

corn (Levine and Oloumi-Sadeghi 1991; Gassmann 2012; Gassmann et al. 2019). 

Because of this, there is a significant demand for finding new modes of action against 

D. v. virgifera. DvSnf7 RNAi provides a novel mode of action, causing stunting and 

mortality to D. v. virgifera through the inhibition of an essential intracellular 

trafficking protein (Bolognesi et al. 2012). Given the nearly uniform adoption of Bt 

corn hybrids to control D. v. virgifera in its range (Lundgren and Duan 2013; 

Gassmann et al. 2019) and the demand for new control tactics, RNAi corn will 

probably be planted extensively making DvSnf7 dsRNA abundant in the environment. 

Although DvSnf7 RNAi corn has already been approved for market, a great 

deal remains unknown regarding non-target impacts of RNAi pest control. Predicting 

non-target dsRNA silencing is difficult because of the lack of genome sequences for 

the vast number of potential non-target insects (Lundgren and Duan 2013). Even if all 

non-target sequences were known, the degree of matching required for off-target 

silencing varies (Christiaens et al. 2022). In bioassays evaluating whether RNAi 

designed for key genes of some insect species can affect non-target species, results 

vary from no effect (Whyard et al. 2009; Bachman et al. 2013, 2016; Murphy et al. 

2016) to increased mortality and development time (Haller et al. 2019; Pan et al. 

2020; Shang et al. 2020).  

Further, current non-target testing may not be capturing all of the field-

realistic exposure pathways. Entomophagous natural enemies feed on live or dead 

prey, and in some cases, when prey have ingested insecticide-treated plant matter, 
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predators may be exposed to insecticides through these prey (Bredeson et al. 2015; 

Douglas et al. 2015). Varroa mites that feed on dsRNA-exposed honeybees exhibit 

interference (Garbian et al. 2012) and lady beetles feeding on dsRNA-exposed aphids 

contain detectable amounts of the same dsRNA (Feng et al. 2023), suggesting that 

such trophic exposure is possible for RNAi. It is possible that plant-expressed 

insecticidal dsRNA could present a trophic risk to entomophagous natural enemies 

through their prey, but most studies only expose non-target species to dsRNA through 

incorporation into their diets (Whyard et al. 2009; Bachman et al. 2013, 2016; Haller 

et al. 2019). If predators can be exposed to RNAi through prey, then current non-

target testing may be missing risks from bioaccumulation or changes to dsRNA that 

could take place within prey.  

Risk of trophic exposure is likely to be affected by the stability and processing 

of dsRNA within the prey and predator. For example, in multiple insect orders, 

nucleases in the saliva, midgut, and hemolymph can degrade and inactivate dsRNA 

(Christiaens et al. 2014; Guan et al. 2018; Prentice et al. 2019). Degradation of 

dsRNA within prey could protect predators from exposure, although a current 

innovation in pest management RNAi is combining insecticidal dsRNA with dsRNA 

targeting these nucleases in order to prevent degradation (Willow et al. 2021). Even if 

intact, the size and structure of dsRNA may affect risk. If successfully absorbed into 

the cell, dsRNA is usually processed into small RNAs (sRNAs), which may reduce 

trophic risk by preventing absorption through the midgut for some insects (Bolognesi 

et al. 2012; Ivashuta et al. 2015). On the other hand, both dsRNA and sRNA can be 

absorbed by fat body cells (Ivashuta et al. 2015). It is currently unclear whether the 
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processing and structural changes that take place to dsRNA within an herbivore can 

decrease or even increase the risk to its predators.  

One ideal model system for investigating multitrophic dsRNA risk is 

coccinellid predators and aphid prey. Coccinellids have been used to test trophic risk 

for predators to a variety of toxins (Lundgren and Wiedenmann 2009; Cabrera et al. 

2014; Bredeson et al. 2015; Eisenring et al. 2015; Shu et al. 2019) and coleopterans in 

general are more sensitive to RNAi than other insect orders (Ivashuta et al. 2015; 

Christiaens et al. 2022). Non-target dsRNA effects have been detected in coccinellids 

(Haller et al. 2019; Pan et al. 2020). Coleomegilla maculata is an important natural 

enemy to study because it is ubiquitous in North American crops and helps control 

economically important agricultural pests (Conrad 1959; Andow and Risch 1985; 

Coll and Bottrell 1991; Munyaneza and Obrycki 1998). Aphids such as 

Rhopalosiphon padi L. (the bird cherry oat aphid) are appropriate prey as asexual 

reproduction and short generation time make them easy to raise in colony. Both R. 

padi and closely-related R. maidis (corn leaf aphid) have been used for trophic risk 

testing with C. maculata (Lundgren and Wiedenmann 2009; Bredeson et al. 2015). 

While aphid hemolymph and salivary secretions degrade dsRNA (Christiaens et al. 

2014), many studies have demonstrated effective RNAi in aphids (Yu et al. 2016; 

Jacques et al. 2020; Shang et al. 2020; Chung and Jander 2022; Feng et al. 2023). 

Whether or not RNAi can be detected in insects can also depend on the 

phenotype associated with the gene targeted by RNAi. The intracellular trafficking 

protein gene v-ATPase is used widely for testing RNAi in insects and causes 

mortality (Baum et al. 2007; Christiaens et al. 2014; Haller et al. 2019; Pan et al. 
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2020). However, the drawback of using genes that cause mortality for assessing 

RNAi is that mortality is usually slow to occur, allowing time for control insects to 

also die from unknown causes (Whyard et al. 2009; Christiaens et al. 2014; Murphy 

et al. 2016). Genes that cause distinct phenotypes instead of mortality allow for the 

separation of RNAi effect from death by natural causes and can demonstrate severity 

of the effect (Xiang et al. 2015; Lu et al. 2017). even-skipped (eve) is a segmentation 

gene that causes scorable defects in developing embryos, is used in the study of RNAi 

in other non-model insects, and may be a good candidate for a gene causing 

morphological defects (Macdonald et al. 1986; Liu and Kaufman 2005; Lu et al. 

2017).  

I hypothesized that RNAi will have non-target effects on predators feeding on 

exposed prey, and I tested it with a worst-case scenario: I fed R. padi injected with 

dsRNA targeting C. maculata (Cmac)-v-ATPase to adult C. maculata and assessed 

survival. I attempted to use eve in experiments as well, but I was unable to include it 

due to unsuccessful gene isolation. Thus, I was able to examine trophic risk to some 

extent, but without the ability to assess severity or detect subtle effects.   

Materials & Methods 

Insect colonies 

 Colonies of C. maculata and R. padi were maintained and used for RNA 

extraction and bioassays. I collected C. maculata adults in 2020, 2021, and 2022 from 

corn fields at three University of Maryland research farms: the Central Maryland 

Research and Education Center (Beltsville, MD), the Wye Research and Education 

Center (Queenstown, MD), and the Western Maryland Research and Education 
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Center (Keedysville, MD). I made colonies of ~50 adults which were kept at 22°C 

with a 16:8 L:D cycle. Adults were fed a diet of organic bee pollen (GreenbowUS, 

Cypress, CA), freeze-dried daphnia (Hikari, Hayword, CA), and Wheast™ 

(Beneficial Insectary Inc, Redding, CA) mixed with honey (Safeway, Pleasantown, 

CA) ad libitum. Extra humidity and water for drinking was maintained by providing 

each colony two 25 ml tubes of water stopped with cotton balls. Each colony 

contained one to two yarn pompoms (Appendix C, Fig. S1) for egg-laying. Egg 

masses were collected 1-3 times a week for rearing. Larvae were raised in plastic 

clamshell containers with tubes of water, organic bee pollen, and freeze-dried daphnia 

ad libitum. For timed egg collections, egg masses were collected at 2- or 12-hour 

intervals after egg laying (h AEL), depending on the gene targeted, and aged to the 

desired maturity. R. padi were collected from wheat at the same three University of 

Maryland research farms in 2018. I maintained colonies on pesticide-free potted 

winter wheat plants (variety: “Branson”) at 22°C with a 16:8 L:D cycle.  

 

Aphid consumption and egg laying experiments  

In order to set the parameters of my bioassays, I conducted an experiment on 

C. maculata aphid consumption and characterized C. maculata egg-laying phenology. 

In the first, I placed different number of aphids (5, 10, and 20) in 0.24 L plastic 

containers with ventilation, a water source, and paper towel to crawl on, then added 

one unsexed adult C. maculata to each container for half of the containers. I placed 

the containers at 22°C with a 16:8 L:D cycle and checked them at 24 and 48 hours, 
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counting all living, uneaten aphids. For each beetle-aphid number combination I had 

4 containers, and I repeated the experiment 3 times, for a total of 12 replicates.  

To better understand egg laying, I monitored the onset and frequency of egg 

laying, counted the eggs laid per clutch (a group of eggs laid on a single date), and 

recorded the percent of each clutch that was viable for 50 pairs of male and female 

adult C. maculata. To make pairs, I sexed newly eclosed (≤ 24 hours) adult beetles 

(Nicholas and Neel 1973), and added one of each sex to fifty 0.57 L plastic containers 

with ventilation, a water source, and organic bee pollen, freeze-dried daphnia, and 

Wheast™ mixed with honey ad libitum. For about three months, the pairs were 

checked Monday through Friday each week for egg-laying, and all clutches were 

collected and held until hatching.  

 

Coleomegilla maculata v-ATPase isolation 

 Gene isolation was the first step in making templates for the dsRNA that 

would be used in trophic tests. I extracted total RNA by homogenizing C. maculata 

embryos aged 0-12 h AEL in TRIzol using a pestle, treating once with phenol 

chloroform then chloroform alone to separate the RNA from protein and DNA, and 

precipitating with isopropanol. I measured the concentration and quality of the 

resuspended RNA with a nanodrop and electrophoresis gel. Then I used the total 

RNA as a template to synthesize a cDNA-RNA hybrid molecule using the reverse 

transcriptase M-MLV-RT and a mix of random primers (New England Biolabs, Inc, 

Ipswich, MA). I designed 20 bp exact primers from the published nucleotide 

sequence for Cmac-v-ATPase A (Pan et al. 2020) (Table 3-1). These primers were 
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used to amplify the target sequence via polymerase chain reaction (PCR), which 

produced one band of the target size (Appendix C, Fig. S2). I purified the reaction 

using the Monarch® PCR and DNA cleanup kit (New England Biolabs, Inc, Ipswich, 

MA), A-tailed using Taq polymerase, then re-purified reactions with the Monarch® 

PCR and DNA cleanup kit. I then inserted the fragment into a pGEM®-T Easy vector 

(Promega, Madison, WI) using T4 ligase, and transformed it into competent cells. 

These cells were screened for successful transformation, and DNA from colonies with 

appropriately-sized insertions was sequenced (Genewiz, Burlington, MA). I aligned 

the sequenced products with the published sequence of Cmac-v-ATPase that I had 

used to design the primers to confirm that I had isolated Cmac-v-ATPase.  

Table 3-1. Primers used in this study. All primers are listed 5’ to 3’. 

Target Primer sequence Product 
length 

Coleomegilla 
maculata v-
ATPase A 

Forward: TCATTTGACTGGAGGCGACA 954 bp 
Reverse: TCGTCCAGAGCCCTCGTATA 

Degenerate eve Forward: ACNGCNTTYACNMGNGARCA 138 bp 
Reverse 1: CKYTGNCKYTTRTCYTTCAT 
Reverse 2: RTTYTGRAACCANACYTTDATNGT 

RACE 
Coleomegilla 
maculata eve 

3’ Forward: ACTACGTTTCACGACCAAGGCGTTGCGA ~700 bp 
5’ Reverse: TCGCAACGCCTTGGTCGTGAAACGTAGT ~350 bp 

 

Coleomegilla maculata even-skipped (eve) isolation 

I also attempted to isolate the developmental regulatory gene eve from C. 

maculata RNA using degenerate PCR, although I was ultimately unsuccessful. I used 

a cDNA template synthesized from 0-24 h AEL total RNA prepared as described 

above. Because there were no published sequences for Cmac-eve, I performed nested 

degenerate PCR with degenerate primers that have been previously used to isolate eve 
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from multiple insect species in the Pick lab (Table 3-1). These primers were used to 

amplify the target sequence via nested PCR, which produced one band of the target 

size (Appendix C, Fig. S3). I gel-extracted this band, then purified and prepared it for 

sequencing as described above for v-ATPase. I compared the sequence obtained with 

the sequence of eve in other insects, confirming that I had successfully amplified a 

138 bp section of C. maculata eve (Table 3-2).  

Table 3-2. Sequence of degenerate PCR product targeting Cmac-eve. 

Sequence 
obtained with 
degenerate eve 
primers 

ACGGCGTTTACGAGGGAGCAGCTCACTAAACTAGAAA
AGGAGTTTTTCAAAGAAAACTACGTTTCACGACCAAGG
CGTTGCGAGCTAGCAGCTCAACTGGGTCTTCCAGAATC
AACGATAAAAGTGTGGTTTCAGAAC 

 

 In order to try to isolate the remainder of the gene, I used rapid amplification 

of cDNA ends (RACE) PCR. Using the SMARTer® RACE 5’/3’ kit (Takara Bio 

USA, Mountain View, CA), I synthesized 3’ and 5’ RACE cDNA from the same 0-24 

h AEL total RNA that I had used to synthesize cDNA. I designed gene specific 

primers (GSPs) from the sequence I had obtained from degenerate PCR, following 

the steps outlined in the SMARTer® RACE 5’/3’ kit instructions. These primers are 

shown in Table 3-1. I used the RACE cDNA and GSPs to conduct RACE PCR in 

both the 5’ and 3’ directions and obtained a product of approximately the target size 

in a 3’ RACE reaction (~500-700 bps) (Appendix C, Fig. S4). I gel extracted, 

purified, and prepared for sequencing as described. However, sequencing showed that 

the product was an 89% match with Coccinella septumpunctata insulin-like receptor 

(LOC123322429), not my target gene. I continued RACE PCR to isolate more of the 

gene, including synthesizing new RACE cDNA from the 0-12 h AEL RNA used to 

isolate v-ATPase and varying the annealing temperature used for PCR. After 
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troubleshooting, during which I amplified few targets in the correct size range and 

was repeatedly unsuccessful in transforming bacteria, I chose to discontinue eve 

isolation.  

 

Double-stranded RNA synthesis 

I synthesized dsRNA using the Megascript T7 RNA transcription kit 

(Invitrogen, Waltham, MA). For the C. maculata v-ATPase dsRNA template, I used a 

PCR product amplified by specific primers with T7 promoter sequences added to the 

5’ ends of both forward and reverse primers (Table 3-2). For gfp, my template was a 

PCR amplification product of the plasmid pBac [3xP3-DsRed; UAS-Tc’hsp_p-tGFP-

SV40] (Addgene, Watertown, MA) using the primers [turbo GFP 1R_T7_2] and [T7-

tGFP-F] (Table 3-2). Multiple 50 μL reactions were produced as needed and 

combined during PCR clean-up to achieve sufficient template for dsRNA synthesis. I 

followed the kit instructions to produce both sense and antisense strands, digested the 

DNA template for 15 minutes using DNase, and annealed strands by heating to 94° C, 

holding 15 minutes, and cooling to 45°C over 1 hour in a PCR machine. After 

annealing, dsRNA was precipitated with LiCl and 70% ethanol at -20° C for at least 

16 hours. Following precipitation, dsRNA was washed with 70% ethanol and 

resuspended in injection buffer (5 mM KCl, 0.1 mM phosphate buffer pH 6.8). 

Concentration of dsRNA was checked by nanodropping a 1:100 dilution sample, and 

quality was checked by running a gel of the diluted sample beside a sample of the 

template.  

Table 3-3. Genes targeted and primers used to generate dsRNA for this study. The 
lowercase bases indicate the T7 promoter region. All primers are listed 5’ to 3’. 
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dsRNA 
product 

Primer sequence Product 
length 

Coleomegilla 
maculata v-
ATPase A 

Forward: 
taatacgactcactatagggagaCAGTCGCTGTCCAAATATTC 

608 bp 

Reverse: 
taatacgactcactatagggagaAGCCCTCGTATACTTTGAGT 

Turbo gfp Forward: 
ttaatacgactcactataggCTCGGTGTTGCTGTGATCCTC 

636 bp 

Reverse: 
taatacgactcactatagggagaATGGAGAGCGACGAGAGC 

 

Coleomegilla maculata injections 

In order to confirm that Cmac-v-ATPase dsRNA would have a lethal effect in 

my study, I injected beetles directly with dsRNA and assessed them for mortality. I 

selected newly-eclosed (≤ 24 hours post-eclosion) adult beetles for injection. Beetles 

were collected from colonies, sexed, and held with food and water until injection, 

which took place within the day. I injected 5 male and 5 female beetles each for 3 

treatments: Cmac-v-ATPase dsRNA, gfp dsRNA, and a buffer control. Each beetle 

was injected with 1 μL of solution. For dsRNA solutions, the concentration was 1 

μg/μL, so that each beetle received 1 μg of dsRNA. I immobilized beetles by placing 

them on a CO2 pad typically used for anesthetizing Drosophila, then held them with 

forceps while injecting between the sternites of the abdomen. I marked injected 

beetles by clipping a small piece of the left elytron so they could later be 

distinguished from their un-injected mates. Injected beetles were labeled and held in 

individual diet cups until all beetles were injected and recovered.  

Following recovery, I paired injected beetles with a single mate of the 

opposite sex that had not been injected. These pairs were placed in small plastic 

containers with ventilation, diet, water sources, and crumpled towels to climb and lay 

eggs on. Pairs were checked every 24 hours (± 1 hour) for three weeks. Each day, 
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note was taken of mating and egg laying (in case v-ATPase caused sublethal effects) 

and mortality (the expected outcome). I carried out two sets of direct injections. The 

first took place over two weeks, with each treatment occurring on a separate day, due 

to the low number of adults eclosing and schedule constraints. The second set took 

place on a single day.  

 

Rhopalosiphum padi injection and feeding 

In order to test the potential for dsRNA to travel from prey to predators, I 

injected Rhopalosiphum padi with dsRNA, fed them to adult C. maculata, and 

assessed the beetles for mortality. I collected mid- to late- stage aphid nymphs (~1-

1.5 mm in length, light green coloration) from aphid colonies, and housed them in 

plastic containers with mesh ventilation and filter paper to provide a crawling surface 

on the bottom. Although larger aphids are easier to inject, when mature they begin 

giving birth to additional aphids, which would complicate determining the amount of 

dsRNA delivered per aphid. To immobilize the aphids for injection, I used chilled 

agar. I poured a 30% agar gel using a 3D-printed mold that produces 4.5 cm by 3.3 

cm rectangles with shallow furrows running lengthwise. This mold was designed for 

holding eggs for microinjection, but is a size that accommodates aphids as well. I 

chilled the agar, then placed it in a petri dish on top of a larger dish of crushed ice. 

Once this set-up was in place, I used a fine paintbrush to place 10 aphids at a time, 

ventral side up, wedged into the agar groove. This restrained the aphids and presented 

a temporal window where the aphids could be injected before they began to become 

flaccid and difficult to inject. I performed injections under a dissecting microscope 
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using a micro-manipulator. I carefully broke the closed tips off of needles formed 

from capillary tubes, then filled the needles from the wide end using fine-tipped 

pipette tips. Aphids were injected by piercing the cuticle of their abdomen while 

avoiding going deeply into them, and then promptly moving the aphids to wheat 

plants to recover. Aphids that died or which did not successfully receive solution 

were discarded. 

I injected aphids with Cmac-v-ATPase dsRNA or gfp dsRNA. The amount per 

aphid depended on the injection date, as I took steps to try to increase and make more 

consistent the amount (in μg) per aphid. The concentration of dsRNA used for 

injection ranged from 1-4 μg/μL, which resulted in a range of 0.02-0.25 μg of dsRNA 

per aphid. Between 80-110 aphids were injected per treatment in each experimental 

replicate except in the last replicate, where I injected 80 aphids per treatment on two 

consecutive days.   

Following injection, I allowed the aphids to rest on wheat for about an hour. 

Because injecting the aphids took about 2 hours per treatment, some aphids were able 

to rest for about 3 hours, while others rested for a shorter period of time. When 

feeding aphids to the lady beetles, I selected from different parts of the wheat plant to 

vary the resting time of the aphids used. I placed 10 aphids each in small ventilated 

plastic containers containing a water source and a piece of paper towel. After 

placement, uninjected adult beetles (≤ 24 hours post-eclosion) with clipped left elytra 

were added to the containers. For each treatment, I made six containers, three with a 

male and three with a female beetle. For the first three injection dates, I checked 

containers 24 and 48 hours later, recording how many aphids remained and whether 
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they were alive or dead. In the fourth, on the second day after feeding aphids to the 

beetles (at 24 hours), I counted the number of aphids consumed, then I placed an 

additional 10 injected aphids in each beetle container, then recorded the number of 

aphids 24 hours after that. Following consumption of the injected aphids, the beetles 

were transferred to new plastic containers with food and un-exposed mates and 

monitored daily for three weeks, as described in the previous experiment. At the end 

of the fourth experiment, I dissected the abdomens of the surviving female beetles 

from each treatment and counted the number of ovarioles and eggs in each.  

 

Coleomegilla maculata oral exposure 

The results from aphid injection experiments led me to question whether 

ingestion of v-ATPase dsRNA would elicit an effect in adult C. maculata. To answer 

this question, I fed droplets of a dsRNA solution to adult beetles. I prepared a solution 

of 1 μg/μL dsRNA 15% sugar water by making 2 μg/μL dsRNA solutions and a 30% 

sugar solution (RNAse-free water with table sugar), then combining equal amounts of 

each. To expose beetles, I sexed adult (≤ 24 hours post-eclosion) beetles, clipped their 

left elytra, then starved them for 16 hours, before placing them in small diet cups in 

which a single 2 μL droplet of the dsRNA sugar water solution had been pipetted. I 

fed Cmac-v-ATPase or gfp dsRNA solutions individually to three males and three 

females per treatment. All beetles consumed the droplet within ten minutes. 

Following feeding, I transferred the beetles to new ventilated plastic containers with 

food, a water source, paper towel, and unexposed mates. I checked these beetles daily 

for three weeks, recording mating, egg-laying, and mortality.  
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Statistics 

 Descriptive statistics (means and standard errors) were calculated in Rstudio 

and visualizations were performed in Excel.  

Results & Discussion 

 
Preliminary consumption bioassays 

 In order to confirm that C. maculata would eat up to 20 aphids, I conducted 

preliminary feeding assays. In these assays I found that beetles did consume nearly all 

aphids offered to them (5, 10, or 20) within 24 hours (Fig. 3-1). However, even 

without a beetle predator, aphid survival declined substantially at 48 hours. Given the 

high rates of predation at 24 hours, it is likely that beetles would generally be able to 

consume all 20 aphids as live prey.  

 
Fig. 3-1. The mean number of surviving aphids ± standard error (SE) in the 
preliminary feeding bioassay. Groups of aphids (5, 10, or 20) were placed in arenas, 
and a single unsexed adult lady beetle was introduced to half of the arenas. The 
number of aphids surviving in each container was checked at 24 hours and 48 hours. 
N = 12 replicates per aphid/beetle combination.  
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Coleomegilla maculata egg-laying  

As part of preparing to test the effects of eve silencing in C. maculata, I 

conducted a survey of egg laying. Of the 50 pairs of beetles I monitored, one or both 

beetles in three pairs died within the first week prior to egg laying, and within 20 

days, two additional pairs were found dead. Of these pairs, three were found to 

contain incorrectly sexed male-male pairs of beetles. This survival rate of 96% was 

higher than the 79% survival rate reported for similarly handled pairs of C. maculata 

monitored for 36 days (Vargas et al. 2014). I found that the surviving C. maculata 

only laid a couple of times per week, and clutches tended to be small (Table 3-3). 

Beetles in my study laid about two eggs per day on average, which was less than in 

some studies where egg laying ranged from 3-5 eggs per day (Morales-Ramos and 

Rojas 2017) and up to 8 (Lundgren and Wiedenmann 2004). However, in other cases, 

egg laying was much lower than in my study, with several reporting less than one egg 

per beetle per day (Michaud and Grant 2005; Vargas et al. 2014; Bredeson and 

Lundgren 2018). None of these studies reported how many clutches of eggs these 

beetles laid or the period between clutches. About 78% of eggs laid in my survey 

hatched into healthy larvae, in contrast with previously reported hatching rates around 

40% (Michaud and Grant 2005) and even below 12% (Morales-Ramos and Rojas 

2017). In one study with both low egg-laying rates per beetle and low hatch rates, 

somewhat low humidity (45%) was paired with warmer temperatures (24° C versus 

my 22° C) (Michaud and Grant 2005), although 24°C is a standard temperature for 

raising C. maculata (Vargas et al. 2014; Morales-Ramos and Rojas 2017). It is 

possible that viability of eggs, frequency of egg laying, and clutch size could all be 
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increased by optimizing conditions, but the highest rate of egg-laying for C. maculata 

still tends to be low and infrequent in comparison with the species often used to study 

parental RNAi effects in embryos: for example, 20 eggs per female every 3 days in 

Tribolium (Bucher et al. 2002) and 30 eggs daily for Oncopeltus fasciatus (Feir 

1974). The infrequency of laying and clutch size suggests that a sublethal gene with 

an embryonic phenotype may not be ideal for testing subtle RNAi effects in C. 

maculata, although it may be a good approach in a coccinellid that lays more eggs. 

 

Table 3-4. Egg-laying measurements for female Coleomegilla maculata kept with a 
single male. N = number of colonies used to calculate the mean and standard error 
(SE). 

Measurement Mean ± SE 

Eggs per beetle per day† 1.8 ± 0.2 

Days until first egg laying‡ 12.1 ± 0.7 

Day between clutches§ 5.0 ± 0.4 

Number of eggs per clutch‡ 11.8 ± 0.4 

Percent viable‡ 78.1 ± 1.9 
†N = 39, ‡N = 43 §N = 41  

 

Coleomegilla maculata injections 

Injections of Cmac-v-ATPase dsRNA caused mortality consistent with what is 

expected from the silencing of a key gene. Coleomegilla maculata adults injected 

with 1 μg of dsRNA encoding Cmac-v-ATPase died between 8 and 14 days after 

injection (Fig. 3-2), while those injected with gfp and buffer showed no or nearly no 

mortality up to 21 days. In comparison, the survival of first instar C. maculata 

ingesting 16 μg of Cmac-v-ATPase dsRNA was reduced by 48% compared to 
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controls (Pan et al. 2020). Although this study did not specify the number of days 

until mortality, they monitored larvae through the third instar, which takes 

approximately 5-6 days (Silva et al. 2010). Another study which fed adult 

coccinellids (Henosepilachna vigintioctopunctata) dsRNA targeting their v-ATPase 

sequence, found that about 62% died after 10 days (Guo et al. 2021). In both cases, 

mortality due to v-ATPase dsRNA exposure was lower than in my study, but occurred 

consistently.   

  In my study, no buffer control beetles died throughout the 21 days of 

monitoring. Of the 20 gfp beetles injected, only one died during the experiment, on 

day 7 of the second set of injections, which is consistent with or even lower than the 

levels of control mortality due to unknown causes typical in RNAi studies (Whyard et 

al. 2009; Christiaens et al. 2014; Murphy et al. 2016; Pan et al. 2020) as well as my 

own preliminary work. 

 
Fig. 3-2. The proportion of Coleomegilla maculata adults surviving each day for three 
weeks following the injection of C. maculata v-ATPase dsRNA, gfp dsRNA, and 
buffer. N = 20 beetles per treatment.  
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Rhopalosiphon padi injections and feeding 

In contrast with the injection assays, feeding assays did not demonstrate 

successful RNAi. At none of the estimated exposures (based on amount per aphid x 

number of aphids fed) was mortality increased for the beetles that ate Cmac-v-

ATPase-injected aphids (Table 3-4), and, in fact, there was generally no mortality in 

either treatment. At the highest exposure in the fourth aphid injection, one female 

beetle died in both the v-ATPase and the gfp treatment one day after feeding. These 

beetles showed signs of impairment, such as immobility and twitching, within 24 

hours of eating the second set of 10 aphids. The timing of death was not consistent 

with mortality in the injection bioassays (where beetles died between 8 and 14 days), 

suggesting that mortality may have been due to toxicity effects from the quantity of 

dsRNA rather than RNA interference. Even at the highest exposure, I did not see 

evidence of successful trophic RNAi, as the other beetles all survived for the full 21 

days. My lack of trophic effects contrasts with the limited previous work on trophic 

RNAi that shows transfer from honey bees to varroa mites (Garbian et al. 2012), and 

from aphids to two lady beetle species (Coccinella septumpunctata and Cryptolaemus 

montrouzieri) (Feng et al. 2023). However, there are key differences between these 

studies and mine: the first is that transference of dsRNA to predatory species was 

detected with reverse transcription quantitative (RT q)-PCR, a different approach 

from how I assessed trophic RNAi and one which likely differs in sensitivity. 

Phenotypic impacts of trophic RNAi were only detected in the honey bee and varroa 

study. While mite susceptibility to dsRNA in terms of the amount needed to elicit an 

effect is similar to insects, there are many unknowns regarding RNAi in acari, 
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including whether systemic movement takes place and how extracellularly-stable 

dsRNA molecules are (Niu et al. 2018), all factors which might impact trophic RNAi. 

The lack of phenotypic impact on the predatory lady beetles despite evidence of 

dsRNA transference in the aphid-lady beetle study was likely because only aphid 

genes were targeted, in contrast with my worst-case scenario study using C. maculata 

genes. However, this study does suggest that the lack of trophic RNAi in my study 

was unlikely to be due to deactivation of the dsRNA within the aphid, which has 

previously explained a lack of RNAi effect in aphids (Christiaens et al. 2014). 

Table 3-5. Four trophic bioassay experiments with varying estimated amounts (μg) of 
dsRNA injected per individual Rhopalosiphon padi and therefore delivered to 
Coleomegilla maculata adults (estimated based on aphid consumption). Mortality was 
monitored for 21 days with three male and three female beetles in each treatment. 
Typically, ten aphids were fed to each beetle, however in the fourth experiment, 
beetles received two sequential feedings of 10 aphids each, resulting in 20 aphids fed 
to each beetle. 

Injection 
date 

Treatment Amount per 
aphid 

Amount per 
beetle 

Mortality 

April 27 v-ATPase 0.03 μg 0.25 μg 0.0% (n=6) 

gfp 0.03 μg 0.25 μg 0.0% (n=6) 

May 2 v-ATPase 0.04 μg 0.36 μg 0.0% (n=6) 

gfp 0.02 μg 0.23 μg 0.0% (n=6) 

June 7 v-ATPase 0.06 μg 0.60 μg 0.0% (n=6) 

gfp 0.05 μg 0.46 μg 0.0% (n=6) 

July 25 and 

26‡ 

v-ATPase 0.13 μg 2.6 μg 0.167% (n=6) 

gfp 0.19 μg 3.8 μg 0.167% (n=6) 
‡Conducted across 2 days, beetles were fed 20 aphids total 

 

Coleomegilla maculata oral exposure 

While the lack of mortality from consuming dsRNA-injected aphids may 

provide evidence against a trophic RNAi exposure pathway, the droplet-feeding 
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bioassay results suggest that C. maculata adults were not sufficiently sensitive to oral 

RNAi in my experiment for trophic effects to be detectable. In the droplet-feeding 

experiment, each beetle was fed 2 μg of dsRNA (twice the amount used in injections), 

however I observed no mortality for 21 days in either the v-ATPase or gfp treatments. 

This lack of mortality may be because adult C. maculata have no or low oral 

sensitivity to dsRNA in comparison with larvae, which is the case for some 

coleoptera (Pereira et al. 2016; Dhandapani et al. 2020; Salvador et al. 2021), 

including a coccinellid (Guo et al. 2021). The studies that do demonstrate oral RNAi 

in coccinellids use 1st instar larvae (Haller et al. 2019; Pan et al. 2020), possibly for 

this exact reason. My choice to use adults was based on intending to test eve in 

addition to v-ATPase, as the effects of eve silencing are seen in the offspring of 

exposed adults (Lu et al. 2017).  

The differences in outcomes from other lady beetle RNAi studies could also 

come from the amount of dsRNA fed. The effects of oral RNAi at 1 μg of dsRNA can 

be variable, sometimes reducing survival, and sometimes having no effect (Haller et 

al. 2019), while amounts of 8 and 16 μg consistently reduce survival in 1st instar 

coccinellids (Haller et al. 2019; Pan et al. 2020). The oral dose of 2 μg that I used 

may simply have been too low to produce mortality in the v-ATPase-exposed beetles. 

Nonetheless, the possible toxicity observed in the aphid-injection bioassay at 

concentrations around 2.6-3.8 μg suggest that using higher amounts may not have 

been feasible.  
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Conclusions 

I was unable to test whether the natural enemy C. maculata is at risk from trophic 

RNAi as v-ATPase dsRNA only affected injected beetles and not those exposed 

through feeding. Although my results do not shed light on the risk of trophic 

exposure, they can guide future research by illuminating some potential pitfalls when 

testing this important pathway. Namely, my results suggest that while a more 

sensitive gene that causes a non-lethal phenotypic effect may be better for detecting 

RNA interference, using C. maculata with a gene like eve where the phenotype is 

seen in the embryos may not be an ideal match, due to the infrequency of egg laying 

and low number of eggs laid. A predator species with higher rates of egg laying may 

be better suited to this experiment. Secondly, for C. maculata, the larvae may be more 

sensitive than the adults, and thus the larval life stage may be better for performing 

trophic experiments. However, if larvae are used for trophic experiments, it may be 

important to choose a developmental gene where silencing causes an effect in the 

organism rather than in offspring. Despite the lack of trophic effects in my study, the 

question I hoped to answer is still a vital one for sustainable pest management, and 

my study will help refine the approaches used in future experiments.    
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 Overall Conclusions 

Agricultural practices that minimize ecological impacts are key to farming 

sustainably in environmentally sensitive regions. In this context, conservation 

biocontrol is a valuable pest management strategy as it takes advantage of naturally 

occurring populations and can avoid the environmental and economic costs of more 

invasive management strategies. The integration of biocontrol with insecticide-based 

management can be both feasible and beneficial (Stern et al. 1959), but pest 

management in field corn production today tends towards reliance on preventative 

chemical options (Hurley and Sun 2019; Pecenka et al. 2021). This use is not 

necessarily based on actual risk of pest damage (Tooker et al. 2017). Instead, many 

growers use preventative management by default due to a lack of options (Tooker et 

al. 2017; Hitaj et al. 2020; Bryant et al. 2024), as “insurance” when prices are low 

(Leach et al. 2019; Bryant et al. 2024), or based on industry recommendations 

(Bryant et al. 2024). Because of this reliance on preventative strategies, growers use a 

range of management strategies that could have negligible benefits while disrupting 

the natural enemies in their systems that would otherwise regulate pest populations. 

This may be especially true in the Mid-Atlantic where many key field corn pests are 

absent and where management strategies tend to target non-economic pests 

(Sappington et al. 2018). The goal of this dissertation is to bring a greater 

understanding of biocontrol in field corn systems, especially in regard to preventative 

management strategies like at-planting insecticides and plant-incorporated-protectants 

like Bt and RNAi.  
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In the first chapter, Chapter 1: For both Bt and conventional non-Bt corn in 

the Mid-Atlantic, preventative insecticides reduce damage, but do not increase yields, 

I compared insect pest pressure between a control, an in-furrow pyrethroid, and a 

neonicotinoid seed treatment in Bt and non-Bt corn. I conducted this study across 

three Maryland locations for three years in order to assess insecticide performance 

under the varying pest pressure that growers in the region experience. Despite 

occasionally reducing insect damage to the seedlings and improving other metrics, 

such as plant establishment and height, these preventative strategies failed to produce 

yield increases that would justify their economic or environmental costs. Based on the 

consistently low pest pressure observed, dramatic scaling back of preventative 

insecticide-use could take place without incurring serious insect damage and yield 

losses in Maryland field corn.  

In Chapter 2: Can predatory carabids reduce slug damage in field corn 

production systems? I dug deeper into how at-planting treatments might affect slug 

biocontrol in field corn. While insect pests are scarce, slugs are a primary concern of 

Mid-Atlantic crop growers (Douglas and Tooker 2012). I conducted laboratory 

studies to elucidate which slug predator species might be detected and avoided by 

slugs and I overlayed slug biocontrol sampling on my three-year field study from 

Chapter 1. The predatory carabid Chlaenius tricolor induced avoidance responses in 

slugs, providing evidence that non-consumptive effects may be possible in this 

predator’s interaction with slug populations. In the field, carabid beetles were 

common and widespread, with carnivorous species (C. tricolor in particular) 

dominating communities. At-planting treatments did not affect carabid populations 
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and caused no apparent changes in slug biocontrol, populations, or damage, in 

contrast with previous studies (Bhatti et al. 2006; Douglas et al. 2015; Disque et al. 

2019). While carabid beetles are important slug predators, the heterogeneity of the 

landscape at the field sites may lend resilience to their populations or obscure 

negative impacts of insecticides. Nonetheless, previously-demonstrated damage to 

carabid populations as well as a lack of yield benefits suggests that these treatments 

should be used with restraint.  

In the final study of this dissertation, Chapter 3: Trophic RNAi exposure risks 

for a beneficial coccinellid in corn, I investigated non-target risks for novel RNA 

interference pest management. I tested whether Coleomegilla maculata, a coccinellid 

predator important and ubiquitous in corn systems, was at risk from RNAi exposure 

through the prey it consumes. Although ultimately the species at the lifestage I chose 

was not susceptible to oral RNAi, this study provides insights for future non-target 

testing. As there is evidence for this this exposure pathway (Feng et al. 2023), this is a 

vital area of study to determine if RNAi is compatible with biocontrol in field corn.  

This dissertation addresses the ways that conservation biocontrol interacts 

with traditional insecticides and plant incorporated protectants in field corn 

production. My research indicates that even when there are no detectable negative 

impacts associated with these strategies, preventative management is not universally 

necessary. Opting out of preventative management is challenging for growers, but 

should benefit their bottom line by avoiding unnecessary inputs. In addition to grower 

education and support, systemic changes in the regulation of seed treatment and 

plant-incorporated-protectant choices are needed to realize a substantial change in 
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insecticide-use. However, given the environmental benefits of reducing insecticide-

use, especially in a highly populated and environmentally sensitive state like 

Maryland, the work to achieve systemic changes is justified.  
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 Supporting Materials 

Appendix A: Supporting information for Chapter 1 

1. Tables 

Table S1. 2020-2022 planting and seedling sampling dates at University of Maryland 
research farms (both Bt and non-Bt corn plantings). 

Year Location Planting date Seedling sampling dates 

2020 Keedysville May 18 June 8 

Beltsville May 21 June 10 

Queenstown May 13 June 3 and 4 

2021 Keedysville May 14 June 1 and 3 

Beltsville May 17 June 2 

Queenstown May 4 May 25 and 26 

2022 Keedysville May 26 June 10 

Beltsville June 2 June 21 

Queenstown May 12 May 31 

    

Table S2. 2020-2022 R2/whorl and soft dough sampling dates at University of 
Maryland research farms (both Bt and non-Bt plantings). 

Year Location R2/whorl sampling date Ear sampling date 

2020 Keedysville July 20 August 14 

Beltsville July 23 August 10 

Queenstown July 22 August 7 

2021 Keedysville July 9 August 5 

Beltsville July 6 August 12 

Queenstown July 7 August 3 

2022 Keedysville July 7 September 2 

Beltsville July 19 September 7 
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Queenstown July 6 August 10 and 11 

 
 
 
 
Table S3. The five-point scale used for rating damage to corn during the whorl stage. 

Rating Appearance of plant 
1 Unblemished plant with no feeding injury 
2 Minor feeding: Isolated holes or small rows of holes from boring 

lepidopterans 
3 Moderate feeding: Many rows of boring holes/extensive leaf feeding, but 

stalk intact 
4 Feeding has damaged the stalk and/or unemerged tassels 
5 Corn is completely defoliated, stalk no longer intact 

 
Table S4. Mean percent damage ± standard error of corn earworm (CEW), stink bug, 
and sap beetle on Bt corn ears across three University of Maryland research farms 
from 2020-2022. Analysis was done on counts of damage (40 ears sampled per 
replicate plot) using a linear mixed model specifying year and location as random 
effects. There were no differences between treatments (α = 0.05). 

Treatment CEW damage (%) Stink bug damage 
(%) 

Sap beetle damage 
(%) 

Control 18.15 ± 4.08 24.63 ± 4.65 12.87 ± 2.86 

IFP 19.54 ± 4.88 26.48 ± 5.48 12.31 ± 2.98 

NST 17.13 ± 3.97 26.94 ± 5.61 11.02 ± 2.91 

F and p-
values 

F2, 74 = 0.23; 
 p = 0.796 

F2, 74 = 0.22; 
 p = 0.805 

F2, 74 = 0.19; 
 p = 0.826 

 
Table S5. Mean percent damage ± standard error of corn earworm (CEW), stink bug, 
and sap beetle on non-Bt corn ears across three University of Maryland research 
farms from 2020-2022. Analysis was done on counts of damage (40 ears sampled per 
replicate plot) using a linear mixed model specifying year and location as random 
effects. There were no differences between treatments (α = 0.05). 

Treatment CEW damage (%) Stink bug damage 
(%) 

Sap beetle damage 
(%) 

Control 19.35 ± 4.65 47.31 ± 6.19 22.50 ± 3.13 

IFP 20.74 ± 4.55 48.06 ± 6.28 19.35 ± 2.75 

NST 22.04 ± 4.82 45.09 ± 6.30 21.20 ± 3.17 
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F and p-
values 

F2, 74 = 0.22;  
p = 0.804 

F2, 74 = 0.23; 
 p = 0.798 

F2, 74 = 0.62; 
 p = 0.538 

 
Table S6. Mean area damaged (cm2) ± standard error per damaged ear by corn 
earworm (CEW), stink bug, and sap beetle in Bt corn across three University of 
Maryland research farms from 2020-2022. Damage was analyzed by linear mixed 
model specifying year and location as fixed effects. There were no differences 
between treatments (α = 0.05). 

Treatment CEW (cm2) Stink bug (cm2) Sap beetle (cm2) 

Control 1.59 ± 0.45 0.74 ± 0.17 0.44 ± 0.12 

IFP 1.86 ± 0.65 1.01 ± 0.30 0.41 ± 0.14 

NST 1.64 ± 0.53 0.90 ± 0.25 0.49 ± 0.19 

F and p-values F2, 74 = 0.17; 
 p = 0.845 

F2, 74 = 0.64; 
 p = 0.529 

F2, 74 = 0.13; 
 p = 0.882 

 
Table S7. Mean area damaged (cm2) ± standard error per damaged ear by corn 
earworm (CEW), stink bug, and sap beetle in non-Bt corn across three University of 
Maryland research farms from 2020-2022. Damage was analyzed by linear mixed 
model specifying year and location as fixed effects. There were no differences 
between treatments (α = 0.05). 

Treatment CEW (cm2) Stink bug (cm2) Sap beetle (cm2) 

Control 1.65 ± 0.53 2.55 ± 0.56 0.76 ± 0.16 

IFP 1.56 ± 0.48 2.76 ± 0.54 0.56 ± 0.12 

NST 1.84 ± 0.60 2.61 ± 0.61 0.67 ± 0.15 

F and p-values F2, 74 = 0.16; 
 p = 0.856 

F2, 74 = 0.11; 
 p = 0.898 

F2, 74 = 0.81; 
 p = 0.448 
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2. Figures 

 

 
Fig. S1. Arrangement of at-planting treatments in corn: control (Control), in-furrow 
pyrethroid (IFP), and neonicotinoid seed treatment (NST). Each replicate plot was a 
minimum of 61 m in length and 24 rows at 0.6 m spacing (18 m) in width. 

 

 
Fig. S2. Diagnostic seedling pest damage for a) soil pest (yellowing or wilting of 
center leaves or entire plant), b) cutworm (holes in rows and holes in the centers of 
leaves), c) armyworm (leaf-margin feeding), d) slug (rasping that removed leaf tissue 
in thin stripes), e) stink bug feeding (abnormal growth from piercing-sucking 
damage), f) miscellaneous foliar damage, in this case from spotted cucumber beetle. 
All photos by Maria Cramer. 
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Fig. S3. Helicoverpa zea captures in pheromone traps in A) 2020, B) 2021, and C) 
2022 from May through October at three University of Maryland research farms. 
Lines indicate the number of moths captured during each trapping week. Data are 
missing from the following locations and dates: Queenstown on September 16 2020, 
August 25 through September 8 2021, and August 3 2022, and Beltsville on 
September 6 2021. 
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Fig. S4. Mean seedling area damaged (cm2) ± standard error (SE) by all categories of 
foliar-feeding insect pest ± standard error (SE) in A) Bt and B) non-Bt hybrids for 
untreated control, in-furrow pyrethroid-treated (IFP), and neonicotinoid seed 
treatment (NST)-treated field corn across three years and three locations. The area 
damaged was compared between treatment using a linear mixed model specifying 
year and location as random effects. There were no differences between treatments (α 
= 0.05). 

 

 
Fig. S5. Mean percent of plants that were stunted ± standard error (SE) in A) Bt and 
B) non-Bt hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and 
neonicotinoid seed treatment (NST) treated field corn across three years and three 
locations. The number (count) of stunted plants per plot was compared between 
treatments using a linear mixed model specifying year and location as random effects. 
There were no differences between treatments (α = 0.05). 
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Fig. S6. The mean number of seedling plants ha-1 ± standard error (SE) in A) Bt and 
B) non-Bt hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and 
neonicotinoid seed-treated (NST) field corn at Beltsville in 2022. Seedling number 
was compared between treatments using a linear model. Within panels, bars that have 
different letters are significantly different by Tukey’s test (α = 0.05). 

 

 
Fig. S7. End of season mean percent stunted plants ± standard error (SE) in A) Bt and 
B) non-Bt hybrids for untreated control, in-furrow pyrethroid-treated (IFP), and 
neonicotinoid seed treatment-treated (NST) field corn across three years and three 
locations. Final stunted counts were analyzed between treatments by linear mixed 
model specifying year and location as random effects. There were no differences 
between treatments (α = 0.05). 

 
Fig. S8. Mean kg ha-1 yield ± standard error (SE) in A) Bt and B) non-Bt hybrids for 
untreated control, in-furrow pyrethroid-treated (IFP) and neonicotinoid seed 



 

 97 
 

treatment-treated (NST) field corn in 2022 at the Beltsville, MD research farm. Yield 
was compared between treatments using a linear mixed model specifying year and 
location as random effects. There were no differences between treatments (α = 0.05). 
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Appendix B: Supporting information for Chapter 2 

1. Tables 

Table S1. Collection and handling details of all live-collected carabids used in 
bioassays. PL = Poecilus lucublandus, PC = Poecilus chalcites, CT = Chlaenius 
tricolor, and AA = Amara aenae. 

Code Collection  
location 

Collection 
method 

Collection 
date 

Freezing 
date 

Weight (g) 

PL01 Queenstown Slug trap 6/9/23 6/11/23 0.09 
PC01 Queenstown Hand collected 6/22/23 6/28/23 0.06 
PC02 Queenstown Night collected 6/29/23 7/5/23 0.04 
PC03 Queenstown Night collected 6/29/23 7/5/23 0.06 
PC04 Queenstown Night collected 6/29/23 7/5/23 0.05 
PC05 Keedysville Night collected 7/18/23 7/21/23 0.05 
CT01 Keedysville Carabid trap 6/14/23 6/16/23 0.10 
CT02 Keedysville Carabid trap 7/4/23 7/6/23 0.07 
CT03 Keedysville Carabid trap 7/4/23 7/6/23 0.06 
CT04 Keedysville Carabid trap 7/4/23 7/6/23 0.07 
CT05 Keedysville Carabid trap 7/17/23 7/20/23 0.09 
CT06 Keedysville Carabid trap 7/17/23 7/20/23 0.06 
CT07 Keedysville Carabid trap 7/18/23 7/21/23 0.08 
AA01 Keedysville Hand collected 6/14/23 6/16/23 0.02 
AA02 Keedysville Hand collected 6/20/23 6/22/23 0.01 
AA03 Keedysville Hand collected 6/20/23 6/22/23 0.02 
AA04 Keedysville Hand collected 6/20/23 6/22/23 0.02 
AA05 Keedysville Hand collected 6/20/23 6/22/23 0.02 
AA06 Keedysville Hand collected 6/20/23 6/22/23 0.02 
AA07 Keedysville Hand collected 6/27/23 7/5/23 0.02 
AA08 Keedysville Hand collected 6/27/23 7/5/23 0.01 
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Table S2. Dates of slug activity abundance monitoring, predator pitfall trapping, and 
sentinel prey sampling across site-years. 

Year Location Slug activity 
abundance 

Predator pitfall 
trapping† 

Sentinel prey‡ 

2020 Keedysville 6/02, 6/09, 6/16, 
6/23, 6/29, 7/06, 
7/13, 7/20 

6/08, 6/16, 6/23 6/02, 6/09 

 Beltsville 6/05, 6/12, 6/19, 
6/26, 7/02, 7/09, 
7/16, 7/23 

6/12, 6/19, 6/26 6/05, 6/13, 
6/16 

 Queenstown 5/28, 6/04, 6/11, 
6/18, 6/25, 7/01, 
7/08, 7/15 

6/04, 6/11 5/21, 5/28, 
6/04 

2021 Keedysville 6/04, 6/18, 6/25, 
7/02, 7/09, 7/16 

6/04, 6/11, 6/18 5/28, 6/04, 
6/11 

 Beltsville 6/08, 6/15, 6/22, 
6/29, 7/06, 7/13, 7/20 

6/08, 6/15, 6/22 5/31, 6/08, 
6/17 

 Queenstown 6/02, 6/09, 6/16, 
6/23, 6/30, 7/07 

5/26, 6/02, 6/09 5/20, 5/26, 
6/02 

2022 Keedysville 6/03, 6/10, 6/17, 
6/24, 7/01, 7/07, 7/15 

6/03§, 6/10, 
6/17, 6/24 

6/10, 6/17, 
6/24 

 Beltsville 6/21, 6/28, 7/05, 
7/12, 7/19, 7/26 

6/21, 6/28, 7/05 6/21, 6/28, 
7/05 

 Queenstown 5/25, 6/01, 6/08, 
6/15, 6/22, 6/29 

5/25, 6/01, 6/08 5/26, 6/01, 
6/08 

†Date pitfall trap was collected, one week after deployment 
‡Date sentinel prey were collected, 12-16 hours after deployment 
§Only the non-Bt field had traps installed for this date. Date excluded from 
analyses. 
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Table S3. Trophic identity assignments for carabid adults collected during study. 
Parentheses “()” alone indicate references that are at the species level, while 
additional square brackets “[]” indicate that the reference is at the genus level and 
curly brackets “{}” indicate that the refence is at the tribe level.   

Genera  Species 
identity 

Tribe Trophic 
identity 

Citations 

Acupalpus A. partiarius Harpalini Omnivore (Menalled et al. 
1999; Jo and 
Smitley 2003) 
[(Larochelle 
1990; Honek et 
al. 2005)] 

 A. pauperculus Harpalini Omnivore [(Larochelle 
1990; Jo and 
Smitley 2003; 
Honek et al. 
2005)] 

 A. testaceus Harpalini Omnivore [(Larochelle 
1990; Jo and 
Smitley 2003; 
Honek et al. 
2005)] 

Agonoleptus A. conjunctus Harpalini Omnivore (Larochelle 1990)  
 A. rotundatus Harpalini Omnivore [(Larochelle 

1990)] 
 A. rotundicollis Harpalini Omnivore [(Larochelle 

1990)] 
 A. thoracicus Harpalini Omnivore [(Larochelle 

1990)] 
Agonum A. 

octopunctatum 
Harpalini Omnivore (Losey and 

Denno 1999) 
[(Larochelle 
1990)] 

 A. punctiforme Platynini Omnivore (Larochelle 1990; 
Lundgren 2009)  

 Agonum sp. Platynini Omnivore (Larochelle 1990) 
[(Lundgren 
2009)]  

Amara Amara (Amara) 
spp. 

Zabrini Omnivore (Jo and Smitley 
2003; Frank and 
Shrewsbury 2004; 
Lundgren 2009) 

 A. angustata Zabrini Omnivore (Larochelle 1990; 
Lundgren 2009) 

Amphasia A. sericea Harpalini Omnivore (Larochelle 1990; 
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Lundgren 2009) 
Anisodactylus A. caenus Harpalini Omnivore (Lundgren 2009) 

[(Larochelle 
1990)] 

 A. ovularis Harpalini Omnivore [(Larochelle 
1990; Lundgren 
2009)], 

 A. rusticus Harpalini Omnivore (Larochelle 1990; 
Lundgren 2009; 
Lundgren et al. 
2013) 

 A. 
sanctaecrucis 

Harpalini Omnivore (Larochelle 1990; 
Lundgren 2009) 

Bembidion B. affine Bembidiini Tiny 
carnivore 

[(Larochelle 
1990; Frank and 
Shrewsbury 
2004)] 

Bradycellus B. rupestris Harpalini Omnivore (Larochelle 
1990)[(Lundgren 
2009)] 

 B. sp. Harpalini Ominvore [(Larochelle 
1990; Lundgren 
2009)] 

Calathus C. opaculus Sphodrini Carnivore [(Kromp 1999; 
Baulechner et al. 
2020)] 

Chlaenius C. aestivus Chlaeniini Carnivore (Larochelle and 
Larivière 2003) 
[(Larochelle 
1990)] 

 C. laticollis Chlaeniini Carnivore (Larochelle and 
Larivière 2003) 
[(Larochelle 
1990)] 

 C. tomentosus Chlaeniini Carnivore (Larochelle and 
Larivière 2003) 
[(Larochelle 
1990)] 

 C. tricolor Chlaeniini Carnivore (Larochelle 1990; 
Eskelson et al. 
2011; Fox et al. 
2023) 

Dicaelus D. elongatus Licinini Carnivore (Larochelle 1990; 
Ball 1992) 

Diplochelia D. assimilis Licinini Carnivore (El-Moursy and 
Ball 1959; 
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Larochelle 1990) 
Dyschirius D. globosus Clivinini 

(Dyschiriini) 
Carnivore (Larochelle 1990) 

Elaphropus E. anceps Bembidiini Tiny 
carnivore 

(Rutledge et al. 
2004) 

 E. incurvus Bembidiini Tiny 
carnivore 

(Larochelle 1990) 

 E. xanthopus Bembidiini Tiny 
carnivore 

[(Larochelle 
1990)] 

Harpalus H. affinis Harpalini Omnivore (Larochelle 1990; 
Jo and Smitley 
2003; Lundgren 
2009) 

 H. faunus Harpalini Omnivore (Larochelle 1990; 
Kromp 1999) 

 H. 
pensylvanicus 

Harpalini Omnivore (Best and Beegle 
1977; Losey and 
Denno 1999; 
Eskelson et al. 
2011) 

Notiobia N. sayi Harpalini Omnivore [(Larochelle 
1990)] 

Notiophilus N. 
novemstriatus 

Notiophilini Tiny 
carnivore 

(Larochelle 1990) 
[(Bauer 1981)] 

Paraclivina P. bipustulata Clivinini Carnivore {(Ingerson-Mahar 
2014)} 

Patrobus P. longicornis Patrobini Omnivore (Larochelle 1990) 
Poecilus P. chalcites Pterostichini Carnivore (Best and Beegle 

1977; Larochelle 
1990; Menalled et 
al. 1999; 
O’Rourke and 
Hutchison 2003)  

 P. lucublandus Pterostichini Carnivore (Menalled et al. 
1999; Frank and 
Shrewsbury 
2004)  

Polyderis P. laeva Bembidiini Tiny 
carnivore 

(Larochelle 1990) 

Pterostichus P. permundus Pterostichini Carnivore (Menalled et al. 
1999; Lundgren 
et al. 2013) 

 P. sculptus Pterostichini Carnivore (Larochelle and 
Larivière 2003) 
[(Menalled et al. 
1999)] 
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Table S4. The number of slugs choosing the left shelter out of the total number of 
slugs responding in beetle stimulus bioassays, analyzed within treatments (CT = 
Chlaenius tricolor, PS = Poecilus spp., AA = Amara aenae, and ZM = Zophobas 
morio) and temporal replicates (1-6). Data were analyzed with an exact binomial 

 P. stygicus Pterostichini Carnivore (Larochelle 1990) 
[(Menalled et al. 
1999)] 

 P. (Abacidus) 
undesc. 

Pterostichini Carnivore [(Larochelle 
1990)] 

Scarites S. quadriceps Scaritini Carnivore (Evans et al. 
2010; Staines and 
Staines 2021) 

 S. subterraneus Scaritini Carnivore (Best and Beegle 
1977; Larochelle 
1990) 

Selenophorus S. ellipticus Harpalini Omnivore [(Larochelle 
1990)] 

 S. opalinus Harpalini Omnivore (Larochelle 1990; 
Kromp 1999; 
Lundgren 2009) 

Semiardistomis S. viridis Clivinini Carnivore {(Torres and 
Ruberson 2007)} 

Stenolophus S. lecontei Harpalini Omnivore (Larochelle 1990; 
Frank and 
Shrewsbury 
2004) 

 S. ochropezus Harpalini Omnivore (Larochelle 1990; 
Jo and Smitley 
2003; Lundgren 
2009) 

Trichotichnus T. fulgens Harpalini Omnivore {(Larochelle 
1990)} 
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model. The probability that slugs would choose the left shelter did not differ from 
0.50 (α = 0.05). 

  Lefts/total 
1st choice 

1st choice 
p-value 

Lefts/total 
2nd choice 

2nd choice 
p-value 

Treatment CT 8/15 1.000 6/15 0.607 

 PS 9/14 0.424 9/14 0.424 

 AA 6/15 0.607 5/14 0.424 

 ZM 6/13 1.000 5/12 0.774 

Replicate 1 3/8 0.727 2/8 0.289 

 2 5/11 1.000 5/11 1.000 

 3 4/11 0.549 5/11 1.000 

 4 4/8 1.000 4/8 1.000 

 5 6/9 0.508 6/10 0.754 

 6 7/10 0.344 6/10 0.754 

 

 

Table S6. The mean ± standard error (SE) season total of select carabid genera across 
three University of Maryland research farms from 2020-2022. Counts for each 
species only included observations where the site-year-field mean was ≥1 beetle. 
Abundances were compared between treatments with linear mixed models, specifying 

Table S5. Mean richness, diversity, and evenness ± standard error of the carabid 
community across three University of Maryland research farms from 2020-
2022. Diversity and evenness of the season total counts of species were 
modeled using a linear mixed model specifying year, location, and field as fixed 
effects. Within columns, means that have different letters are significantly 
different by Tukey’s test (α = 0.05). 

Treatment Richness‡ Shannon’s H' Evenness§ 
Control 4.48 ± 0.30 1.08 ± 0.05b 0.77 ± 0.03 

IFP 4.94 ± 0.24  1.27 ± 0.05a 0.83 ± 0.02 
NST 4.93 ± 0.25 1.22 ± 0.05ab 0.81 ± 0.02 

F and p-values F2, 151 = 1.03; 
 p = 0.359 

F2, 151 = 4.45;  
p = 0.013 

F2, 151 = 2.18;  
p = 0.117 

 
‡ Total number of species 
§ Pielou’s evenness  



 

 105 
 

year, location, and field as fixed effects when multiple levels of these variables were 
present in the data set. CT = Chlaenius tricolor, PC = Poecilus chalcites, PP = 
Pterostichus permundus, AS2 = Amara spp. (not identified to species), and SO = 
Stenolophus ochropezus. 

Treatment CT PC PP AS2 SO 

Control 3.70 ± 0.79 4.33 ± 3.35 10.00 ± 3.27 7.42 ± 3.41 6.50 ± 4.23 

IFP 4.00 ± 0.88 1.56 ± 0.44 10.33 ± 2.81 3.42 ± 1.20 5.33 ± 1.96 

NST 5.04 ± 0.94 2.78 ± 0.78 9.50 ± 3.48 4.00 ± 1.84 10.67 ± 4.77 

F and p-
values 

F2, 72 =1.20;  
p = 0.306 

F2, 47 = 0.52;  
p = 0.596 

F2, 48 = 0.03;  
p = 0.966 

F2, 30 = 1.10; 
p = 0.346 

F2, 14 = 0.76; 
P = 0.488 
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2. Figures 

 

 
Fig. S1. Placement of slug shelter traps and dry pitfall traps for carabid beetles at A) 
Queenstown MD and B) Keedysville MD. Pink = carabid trap, green = slug trap. 

 

 
Fig. S2. Dry pitfall trap used for live-trapping carabids. Garden edging is placed in an 
x-shape to help funnel beetles into the trap.  
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Fig. S3. Fluon-coated tubes used to contain slugs in bioassay arenas until set-up was 
complete.  

 

 
Fig. S4. A released slug crawling on wet filter paper, and approaching the filter-strip 
threshold of the left shelter.  
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Fig. S5. Randomization scheme for bioassays testing slug response to stimuli from 
four beetles (CT = Chlaenius tricolor, PS = Poecilus spp. (lucublandus and 
chalcites), AA = Amara aenae, and ZM = Zophobas morio). Temporal replicate 
number and trial date are to the left of each set of bioassay arenas. The beetle 
treatments are indicated by color, and arena number (1-12) and shelter side (left or 
right) are randomized to provide maximum variation in treatment location. 
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Fig. S6. An example of how the twelve bioassay arenas were arranged under light 
source in each temporal replicate.  

 

 
Fig. S7. Layout of traps within replicate plots. Traps were almost always placed 
between rows 9 and 10 and rows 15 and 16. All traps were numbered in the direction 
of replicate plot 3 (“down-field”). Sentinel prey cages were usually placed on the 
down-field side of the predator traps and slug shelters.  
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Fig. S8. Examples of diagnostic slug injury. A) shows characteristic streaky feeding 
damage, while B) also shows dried slime trails. 

 

 
Fig. S9. Total number of individuals of the fifteen most abundant carabid species 
collected at three University of Maryland research farms from 2020-2022. PP = 
Pterostichus permundus, CT = Chlaenius tricolor, AS2 = Amara spp. (not identified 
to species), PC = Poecilus chalcites, SO = Stenolophus ochropezus, AP3 = Agonum 
punctiforme, EX = Elaphropus xanthophilus, PS = Pterostichus sculptus, EI = 
Elaphropus incurvus, PU = Pterostichus sp. undescribed, DE = Dicaelus elongatus, 
AR3 = Anisodactylus rusticus, EA = Elaphropus anceps, SS = Scarites subterraneus, 
PB = Paraclivina bipustulata. 
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Fig. S10. Distance-based redundancy analysis (dbRDA) of the square-root 
transformed Bray-Curtis distance matrix using season-total carabid counts. Species 
are shown with 2-letter codes, and visible species include: PP = Pterostichus 
permundus, CT = Chlaenius tricolor, AS2 = Amara spp. (not identified to species), 
PC = Poecilus chalcites, SO = Stenolophus ochropezus, EX = Elaphropus 
xanthophilus, PS = Pterostichus sculptus. Treatment served as the explanatory 
variable (shown by arrows: IFP = in furrow pyrethroid, NST = neonicotinoid seed 
treatment), while year, location, and field were included in the condition term (treated 
as random effects). Conditioned variance was 0.657, constrained variance was 0.017, 
and unconstrained variance was 0.325 of the whole. The model was not significant (α 
= 0.05). 

 

 
Fig. S11. Mean ± standard error (SE) activity abundance per plot of carabid beetles 
(of all trophic groups) trapped per week in untreated control, in-furrow pyrethroid-
treated (IFP), and neonicotinoid seed treatment-treated (NST) corn across three years, 
three locations, and two fields. Counts were compared between treatments using a 
linear mixed model specifying week nested within year and field nested within 
location as random effects. There were no differences between treatments (α = 0.05). 
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Appendix C: Supporting information for Chapter 3 

 
1. Figures 

 

 
Fig. S1. Yarn pompom used for Coleomegilla maculata egg collection. Egg masses 
are yellow. 

 
Fig. S2. PCR amplifying Coleomegilla maculata v-ATPase. The expected length was 
approximately 950 bp. The 50 μL reaction contained 10 μL Q5 buffer, 1 μL dNTPs, 
1.25 μL exact forward primer, 1.25 μL exact reverse primer, 1 μL cDNA template (0-
12 h AEL C. maculata embryos), and 0.25 μL Q5 polymerase. PCR was performed in 
a thermocycler with the following program: A denaturing step at 98° C for 1 minute, 
then 35 cycles of 98° C for 10 s, 63° C for 30 s, and 72° C for 31 s. The final 
extension time was 2 minutes at 72 98° C. 5 μL of the reaction was run alongside a 1 
kb plus DNA ladder (Invitrogen) on a 1% agarose gel.  
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Fig. S3. Outer (1) and inner (2) degenerate PCR reactions targeting C. maculata even-
skipped. Band c of the inner reaction shows the correct target size (~140 bp). 50 μL 
reactions contained: 5 μL Taq buffer, 1 μL dNTPs, 5 μL degenerate forward primer, 5 
μL degenerate reverse primer (outer for reaction 1, inner for reaction 2), 1 μL cDNA 
template (0-24 h AEL C. maculata embryos), and 0.3 μL Taq polymerase. The outer 
reaction was performed with the following program: Denaturing at 94° C for 5 
minutes followed by 20 cycles of 94° C for 30 s, 50° C for 30s, and 72° C for 30. 
With each cycle the annealing temperature, which started at 50° C dropped by 0.5° C. 
This was followed by 20 cycles of 94° C for 30 s, 40° C for 30s, and 72° C for 30. 
The final extension time was 5 minutes at 72° C. For the inner reaction, the program 
was denaturing at 94° C for 5 minutes followed by 35 cycles of 94° C for 30 s, 45° C 
for 30s, and 72° C for 30 s, ending with 5 minutes of extension time at 72° C. 5 μL of 
each reaction was run alongside a 1 kb plus DNA ladder (GeneRuler) on a 1% 
agarose gel.  
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Fig. S4. 5’ (1 and 2) and 3’ (3) RACE PCR reactions targeting C. maculata even-
skipped. Band b of the 3’ reaction shows a product that is approximately the target 
size (500-700 bp). 5’ reactions do not have products. The 3’ sample is the product of 
a 50 μL reaction containing 25 μL seq amp buffer, 5 μL universal primer mix (UPM), 
1 μL 3’ RACE forward primer, 2.5 μL RACE cDNA template (0-24 h AEL C. 
maculata embryos), and 1 μL seq amp polymerase. PCR was performed with the 
following program: 2 minutes of denaturing at 94° C, followed by 35 cycles of 98° C 
for 30 s, 69° C for 30, and 72° C for 2 minutes, and ending with 3 minutes of 
extension at 72° C. 5 μL of the reaction was run alongside a 1 kb plus DNA ladder 
(GeneRuler) on a 1% agarose gel. 
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