
ABSTRACT 

BRASWELL, LEWIS RAVER. Bollworm (Helicoverpa zea Boddie) Behavior in non-Bt and Bt 

Cotton (Gossypium hirsutum L.). (Under the direction of Drs. Dominic Reisig and Clyde 

Sorenson). 

 

Bollworm (Helicoverpa zea Boddie) is a polyphagous pest which commonly causes 

economic losses in cotton (Gossypium hirsutum L.). Cotton which expresses Bacillus 

thuringiensis (Bt) endotoxin was first commercialized in 1996 for control of bollworm and other 

caterpillar pests. Bollworm behavior in single-toxin Bt cotton expressing Cry1Ac was different 

than behavior in non-Bt; neonates moved away from terminals faster in Cry1Ac cotton than they 

did in non-Bt. Neonates also preferred to feed on diet which was not treated with Bt, when given 

a choice with Bt treated diet. Nitrogen and irrigation may change Bt expression within the plant, 

while also changing plant attractiveness to bollworm moths. We initiated an experiment to 

determine bollworm vertical and horizontal distribution and cotton structural preference in Bt 

cotton. Cry1Ac + Cry1F expressing cotton was planted under irrigated and non-irrigated 

conditions, as well as with 0, 76, and 152 kg ha-1 nitrogen. Whole plants were sampled weekly 

for bollworm, with individual incidence recorded as stage, node, position, and the structure upon 

which they were found. Bollworm preferred to oviposit in irrigated cotton, and cotton fertilized 

with higher nitrogen later in the season. Younger instars were more prevalent in irrigated cotton 

which received more nitrogen, but older instar larvae equally abundant in all treatments. 

Oviposition was more evenly distributed throughout the canopy earlier in the season, and more 

confined to the top of plants later in the season, which coincided with flowering location. Young 

larvae were evenly spread throughout the canopy similar to eggs, while older larvae moved to 

central portions of the canopy. Moths preferred to oviposit on leaves in the terminal and less-so 

lower in the canopy; oviposition on bracts of fruiting structure in the middle of plant canopies 



also occurred. Young larvae were more common on squares during 2016, but were more 

common on bolls during 2017. Third instar and older larvae were found almost exclusively on 

bolls in the middle and lower sections of the canopy. Further understanding of how bollworm are 

distributed within the cotton canopy and their preferred structures would provide a reference for 

potential behavior changes in the future as well as informing current recommendations for 

scouting eggs and larvae on cotton plants. 

We also conducted an experiment to determine bollworm populations within and 

dispersing from non-Bt and Bt toxin pyramided cotton. We initiated small plot experiments 

during 2016 and 2017 of 7 and 8 varieties, respectively. We sampled cotton plants weekly for 

bollworm presence, and deployed sticky boards between cotton rows to sample dispersing larvae. 

Eggs were more prevalent in most Bt varieties, compared to non-Bt cotton. First instars were 

more abundant in non-Bt during one week of 2016, but populations were the same among 

varieties in 2017. We found fewer first instars on sticky boards from non-Bt cotton, compared to 

Bt toxin pyramids. Second to fifth instars were more common both on the cotton and on sticky 

boards in non-Bt than all Bt toxin pyramids in most weeks. The number of larvae found on sticky 

boards was correlated with numbers on plants, but no evidence of density dependence was 

observed. First instars dispersed at a higher rate than fourth or fifth instars from all varieties. 

Although differences in first instar dispersal due to variety were detected, first instars dispersed 

at an equal rate from non-Bt as they did from all Bt toxin pyramids. Second, third, fourth, and 

fifth instars dispersed at similar rates from all non-Bt/ Bt toxin pyramids. More research 

investigating the fate of larvae dispersing from cotton and how those dispersing larvae impact 

populations needs to be conducted. 
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CHAPTER 1 

Effects of Nitrogen and Irrigation on Bollworm, Helicoverpa  

zea Boddie (Lepidoptera: Noctuidae), Oviposition  

and Larval Vertical Distribution in Bt Cotton 

Lewis Braswell, Dominic Reisig, Clyde Sorenson, and Guy Collins 

 

Abstract 

In some Bt cotton (Gossypium hirsutum L.) varieties, bollworm (Helicoverpa zea 

Boddie) larval behavior differs from non-Bt varieties. Laboratory assays indicate bollworm can 

detect Bt proteins, due to behavioral differences on Bt cotton or diet. Plant stress from factors 

including fertility and water availability causes changes in plant physiology and Bt expression. 

We set out to determine if nitrogen and irrigation influenced bollworm behavior in Bt cotton by 

recording the vertical distribution of eggs and larvae over time. We conducted small plot 

experiments with Cry1Ac + Cry1F cotton in 2016 and 2017 with three nitrogen rates and with, 

and without, irrigation during 2017. Bollworm locations were determined by in-field 

examination of 10-20 cotton plants per plot over six to eight weeks. The location of each egg and 

larvae was recorded by node, along with the stage estimation of each larva. Oviposition was 

higher later in the season in plots receiving nitrogen or irrigation; first and second instars were 

more common in plots receiving nitrogen or irrigation, while larger instars were not different 

among treatments. Oviposition was more evenly distributed throughout the canopy earlier in the 

sampling period than during later weeks, with more eggs in the top third of the canopy in only 

three of 14 weeks. Early instars were also evenly distributed throughout the canopy. Later instars 

moved to the middle portions of the canopy, away from bottom nodes, and did not move into the 



  2 

 

terminal. While treatment differences were minimal, quantification of behavior will inform both 

crop scouting and resistance management decisions. 

Introduction 

Helicoverpa zea (Boddie), bollworm, is a polyphagous pest that commonly feeds on 

cotton (Gossypium hirsutum L.) during its third yearly generation in the southeastern United 

States, after feeding on wild hosts and ear-stage corn (Zea mays L.) during the first and second 

generations (Neunzig 1963, Storer 1999, Kennedy and Storer 2000, Storer et al. 2001). Most 

bollworms oviposit in the top third portion of both non-Bt and Bt cotton canopies, and 

oviposition location has historically not influenced the ability of larvae to move to and establish 

on reproductive tissues (squares and bolls) that are their preferred feeding structures (Fye 1972, 

Hillhouse and Pitre 1976, Wilson and Gutierrez 1980, Wilson et al. 1980, Farrar and Bradley 

1985a, b, Torres and Ruberson 2005). However, oviposition also occurs throughout the cotton 

canopy in some cases (Quaintance and Bishopp 1905). 

Cotton varieties genetically engineered to express the toxin from Bacillus thuringiensis 

(Bt) Berliner were first commercially grown in 1996 and, as of 2016, represented 84% of the 

upland cotton grown in the United States (USDA NASS, 2018). Plant-incorporated Bt cotton 

was originally targeted toward control of the tobacco budworm (Heliothis virescens F.), which 

had developed extensive resistance to foliar insecticides and was difficult to manage (Macintosh 

et al. 1990, Blanco et al. 2009). Bollworm is more tolerant of Bt Cry toxins than tobacco 

budworm, and control of bollworm with initial single Bt Cry toxin varieties was not complete; 

some bollworm individuals could still complete development on Bt cotton varieties, and foliar 

insecticide applications were still required in some areas (Gore et al. 2001, Jackson et al. 2003, 

Sivasupramaniam et al. 2008, Huang et al. 2011). This raised concerns over resistance 
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development (Roush 1997, Gould 1998), a major threat to Bt cotton sustainability (Onstadt 2008, 

Carrière et al. 2010). Recently, widespread practical resistance for bollworm in two-toxin Bt 

cotton was reported in the southeastern United States (Reisig et al. 2018). Hence, bollworm 

scouting to justify foliar insecticide application for two-toxin Bt cotton has gained a new 

importance. 

Expression levels of Bt toxins depend on many factors, including cotton variety and 

genetic background, plant structure, such as terminals versus older leaves or bolls, or plant age, 

as well as environmental factors such as fertility, temperature, and atmosphere (Greenplate 1999, 

Greenplate et al. 2001, Pettigrew and Adamczyk 2006, Dong and Li 2007, Sivasupramaniam et 

al. 2008, Siebert et al. 2009, Addison and Rodgers 2010). In single-toxin Cry1Ac-expressing 

cotton (Bollgard; Monsanto Co. St. Louis, MO), Cry1Ac expression is higher in the terminal 

foliage compared to bolls within the canopy, while expression of Cry1F in Cry1Ac + Cry1F 

(WideStrike; Dow AgroSciences, LLC, Indianapolis, IN) cotton is higher in mature leaves than 

the terminals (Greenplate 1999, Siebert et al. 2009). Up to ten times as much Cry1Ac is present 

in single-toxin Cry1Ac cotton compared to Cry1Ac + Cry1F (Greenplate 1999, Siebert et al. 

2009). In Cry1Ac + Cry1F cotton, levels of Cry1Ac and Cry1F vary between structures within a 

sampling time, with Cry1F levels typically highest in leaves, and Cry1Ac levels highest in bolls 

(Siebert et al. 2009). Similarly, Cry1Ac levels decrease in both Cry1Ac + Cry1F and single-toxin 

Cry1Ac as plants age, while Cry1F levels increase seasonally in Cry1Ac + Cry1F (Greenplate 

1999, Siebert 2009), which may lead to larvae consuming differing doses of the toxin throughout 

the growing season. Growing environment may alter Bt expression; for example, increased 

nitrogen content in the plant increases Bt expression, while increased temperature or CO2 in the 

environment reduces Bt expression (Dong and Li 2007). With highly variable Bt expression 
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within plants and throughout the season, the potential for larvae to encounter sublethal 

concentrations is high, reducing the efficacy of Bt plants and increasing the potential for 

resistance development (Showalter et al. 2009, Brévault et al. 2013). 

In earlier work, bollworm oviposition timing and spatial distribution did not differ 

between Bt and non-Bt cotton (Torres and Ruberson 2006); bollworm moths preferred to 

oviposit near the top of the plant, including the terminal, which was similar to behavior prior to 

Bt introduction (Farrar and Bradley 1985b). However, these experiments only presented season-

long oviposition, and did not account for changes in oviposition behavior in response to 

physiological changes in the cotton plants. Bollworm larval behavior can be influenced by the 

presence of Bt toxin. In Cry1Ac cotton, larvae moved away from terminals faster than they did in 

non-Bt cotton, but they did not move away from Cry1Ac + Cry1F terminals faster compared to a 

non-Bt cotton (Gore et al. 2002, Jackson et al. 2010). Previous studies on behavioral differences 

in Bt cotton have been done in the lab, or for only short periods within the field; no studies have 

evaluated the season long temporal and spatial position of bollworm eggs and larvae in Bt cotton. 

Bollworm behavioral differences are varied among cotton varieties and have not been explored 

among all currently commercialized Bt toxin cotton pyramids. 

Nitrogen is a critical element for plants and insects, positively influencing growth and 

development (Chen et al. 2007). Cotton yield is positively correlated with nitrogen up to a point, 

but may decrease under high nitrogen conditions due to excess vegetative growth; however, 

nitrogen must be applied seasonally to maximize lint yield potential (Grimes et al. 1969, Miley 

and Oosterhuis 1990). Nitrogen availability influences chemical composition in the plant, which 

includes modifying concentrations of different endogenous defensive compounds and increasing 

Bt expression under higher nitrogen environments (Coviella et al. 2000, 2002, Pettigrew and 
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Adamczyk 2006, Dong and Li 2007, Chen et al. 2008). Similarly, irrigation can influence cotton 

development and lead to higher yields, but may increase pest incidence by increasing the 

attractiveness of the plant to ovipositing bollworm moths (Grimes et al. 1969, Slosser 1980, 

Whitaker et al. 2008). Greater nitrogen and water availability could increase the favorability of 

the cotton plant to bollworms, leading to increased bollworm presence within the field or on 

certain areas of the plant, as suggested by the plant vigor hypothesis (Price 1991). Alternatively, 

some insects perform better on stressed plants, as predicted by the plant stress hypothesis (White 

1974). Limiting water and nitrogen inputs within a cotton crop could create a more stressful crop 

environment, potentially influencing bollworm behavior. 

Not only do Bt toxins vary within the crop, but bollworm susceptibility to those Bt toxins 

is also influenced by their nutritional intake (Deans et al. 2017). Cotton plants are a mosaic of 

proteins and carbohydrates, with vastly different ratios depending on location within the plant 

(Showler and Moran 2003, Deans et al. 2016a, b). Many species of insects can adequately 

regulate their nutrient intake as they feed within a varied nutritional landscape (Behmer 2009). If 

bollworms are able to regulate their diet within a cotton plant, this could increase their tolerance 

to Bt toxins (Deans et al. 2017). Likewise, if nutrition is not adequate from a reduction of 

foraging on less nutritious plant structures, bollworm susceptibility to Bt may increase (Showler 

and Moran 2003, Deans et al. 2017). If bollworm behavior follows the plant vigor hypothesis, 

there may be a trade-off between optimizing nutrition to limit susceptibility under high nitrogen 

and irrigated conditions (Price 1991, Deans et al. 2017), while encountering higher Bt 

expression. It is essential to understand both changes in Bt expression, and the behavior of 

bollworm larvae within the cotton plant, to effectively address all aspects of resistance 

management.  
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Previous studies have not attempted to quantify differences in bollworm population 

densities and their behavior in non-Bt or Bt cotton under different nitrogen or irrigation regimes. 

Moreover, existing data quantifying these differences over time is limited. Our goal in these 

studies was to quantify bollworm oviposition behavior and within plant distribution of different 

larval stadia under different nitrogen rates and irrigation regimes over time. We hypothesized 

that there would be more eggs deposited and, therefore, more larvae, within plots that received 

more nitrogen or irrigation. Additionally, we hypothesized that more eggs would be deposited in 

the upper portions of the canopy, and the larvae that hatched from these eggs would move 

throughout the plant canopy.   

 

Materials and Methods 

Cotton expressing Cry1Ac + Cry1F (WideStrike, Phytogen 499 WRF, Dow 

Agrosciences), was planted on 25 May 2016 and 17 May 2017 at the Upper Coastal Plain 

Research Station near Rocky Mount, NC, with each plot being eight rows by 12.2 m, and with a 

row spacing of 0.92 m. Weed control and early season insect management followed extension 

recommendations from the 2016 North Carolina Cotton Production Guide (Reisig 2018, York 

2018). 

Treatments included three rates of nitrogen fertilizer applied at, or before, first square 

during both years, and drip irrigation, or no irrigation, during 2017 only. Nitrogen was applied as 

a knifed side-dress application on 27 June 2016 and 14 June 2017 to appropriate treatment plots. 

Nitrogen treatments included 0, 76 and 152 kg ha-1 applied as 30% N liquid as urea and 

ammonium nitrate. Optimum cotton yield response to nitrogen typically plateaus between 50-100 

kg ha-1 depending on location and irrigation regime (Boquet et al. 2004; Bronson et al. 2001; 
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Crozier 2018; Varco et al. 1999). Fertilizer treatments were arranged in a randomized complete 

block with eight replications during 2016; in 2017, treatments were arranged as a two by three 

factorial of irrigation and nitrogen, with four replications. Beginning on the same day as the 

fertilizer application in 2016, and during mid-July in 2017, leaf petiole samples were taken every 

14 days until mid-August, when cotton began flowering at the plant terminals. Samples consisted 

of 25-30 petioles per plot, taken from random plants, from the uppermost fully expanded leaf, 

with leaf tissue removed immediately to prevent continued respiration (Holt 2015, Wiedenfield 

et al. 2009). Petiole samples were dried at 100°C for approximately 48 h until sample mass 

stabilized. Samples were sent to North Carolina Department of Agriculture Agronomic Services 

Division for nitrate content analysis. During 2016, Measurements of chlorophyll content were 

taken using a SPAD meter (SPAD 502 Plus Chlorophyll Meter, Spectrum Technologies, Inc. 

Aurora, IL) on the same days as petiole samples, from 10 plants per plot, from the uppermost 

fully expanded leaf. We did not calibrate specifically to our plots; hence, all measurements 

represent proportional chlorophyll content as the units measured by the SPAD meter (Ling et al. 

2011). 

In 2017, approximately 2 cm of water was applied to irrigation treatments weekly, 

beginning the last week of June, using 0.22 GPH drip tape (Eurodrip USA, Inc, Madera, CA). 

Soil moisture was measured weekly using a PR2/6 Soil Moisture Profile Probe (Delta-T Devices 

Ltd, Cambridge, UK). Measurements were taken at depths of 10, 20, 30 ,40, 60, and 100 cm 

using one access tube per plot, placed within the cotton row, in irrigated and non-irrigated 

treatments. There was 51 cm of rainfall throughout the growing season, with 33 cm falling 

during flowering and fruit set, and an additional 9 cm of irrigation in irrigated plots during 

flowering and fruit set. 
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Beginning in mid to late-July, scouting for bollworm was conducted at weekly intervals 

until early September, at which time the cotton began desiccating, larval establishment was 

minimal, and very few larvae were present. Ten to 20 plants in each plot (10 during 2016 and 20 

during 2017) from rows two through seven were sampled, and each egg and larva found was 

recorded [larval instar was estimated based on Neunzig (1969)]. Random plants were sampled 

across sampling weeks to limit the potential alteration of plants during sampling (i.e. broken 

branches or displaced structures) or accidental removal of bollworm individuals caused by 

repeated sampling. When eggs or larvae were encountered, the position of each individual was 

recorded by counting nodes from the base of the plant (beginning with the 1st node above the 

cotyledonary node). Total number of main-stem nodes for five plants within each plot was 

recorded to estimate average plant height during both years, and “nodes above white bloom” was 

recorded during 2017. Nodes above white bloom is the number of main-stem nodes above the 

highest first position white bloom, and is an accurate representation of plant maturity. At the 

conclusion of the sampling season, plants were mapped to show total nodes and plant height.  

Data were analyzed using ANOVA and the GLIMMIX procedure in SAS 9.4 (SAS 

Institute, Cary, NC); data were log10(x+1) transformed, and untransformed treatment means are 

presented in data tables and figures. Count data were included as dependent variables for each 

stage, while date, fertility, irrigation, plot, and node were included as independent fixed effects in 

separate analyses. Replication and “plant nested within plot” were included as random effects. 

When effects were significant at α ≤ 0.05, means were separated using Tukey’s Honestly 

Significant Difference Test (Tukey 1953). The highest order interaction involving year (year by 

date by nitrogen by node) was significant for each stage (F= 1.62; df= 170, 94923; P < 0.0001, 

eggs; F= 2.05; df= 170, 94969; P < 0.0001, first instars; F= 1.79; df= 170, 95364; P < 0.0001, 
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second instars; F= 1.39; df= 170, 94971; P= 0.0006, third instars; F= 1.85; df= 170, 95364; P < 

0.0001, fourth instars; F= 1.29; df= 170, 94912; P= 0.0068, fifth instars), as well as the highest 

order interactions which did not involve the treatments (year by date by node) for each stage (F= 

5.64; df= 85, 95421; P < 0.0001, eggs; F= 4.26; df= 85, 95471; P < 0.0001, first instars; F= 2.49; 

df= 85, 95868; P < 0.0001, second instars; F= 3.09; df= 85, 95471; P < 0.0001, third instars; F= 

2.11; df= 85, 95868; P < 0.0001, fourth instars; F= 2.01; df= 85, 95415; P < 0.0001, fifth 

instars). Because of these interactions, and the fact that irrigation was only examined in 2017, 

data are presented by year. In cases when interactions involving date were significant, the 

interaction was separated using the SLICE function of SAS. This function separates the 

interaction by partitioning the variation within the interaction and, in our case, returned weeks 

for which the main effect or lower order interaction are significant. We then conducted mean 

separation on the main effects or lower order interactions which were significant for only those 

weeks. Earlier studies often described bollworm oviposition based on the plant canopy 

partitioned into thirds (Farrar and Bradley 1985b, Torres and Ruberson 2006). Accordingly, we 

partitioned nodes from each week into thirds of the plant, based on maximum nodes within that 

particular week, and conducted separate analyses, as described above, based on those plant 

sections. 

 

Results 

Over both years and all treatments, the locations of 2,571 eggs were recorded across all 

treatments, as well as the locations of 845, 558, 395, 282, and 296 larvae from first through fifth 

instar, respectively. Within each year, distinct oviposition cohorts were recorded as high egg 

numbers for one to two weeks, followed by weeks with few eggs, and then followed by 
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consecutive weeks of high oviposition (Figure 1.1) The first egg cohort was reflected by higher 

numbers of larvae in weeks following high oviposition, and we recorded their development 

through to fifth instars (Figure 1.1). Eggs from the second oviposition event, which occurred in 

the last week of August and early September in each year, did not develop into larvae. 

Effect of nitrogen and irrigation on cotton plants. Petiole nitrate was influenced by the 

main effect of nitrogen application when combined over year (F= 15.31; df= 2, 126; P < 0.0001). 

Plots receiving 76 and 152 kg ha-1 nitrogen application had a statistically similar amount of 

petiole nitrogen, averaging 4003 ± 741 (Mean ± SEM) and 4240 ± 631 ppm nitrate, respectively. 

Petiole nitrogen amounts in the plots receiving no nitrogen were lower, averaging 2503 ± 588 

ppm nitrate. During 2016, SPAD meter readings were influenced by the interaction of date and 

nitrogen treatment (F= 3.55; df= 4, 708; P= 0.0070). Proportional chlorophyll content was higher 

in plots which received either nitrogen rate during the third week, compared to those with no 

additional nitrogen. During 2017, soil volumetric water content was influenced by the main 

effect of irrigation (F= 30.53; df= 1, 1006; P < 0.0001). Soil volumetric water content in 

irrigated treatments averaged 0.180 (±0.0039) m3 m-3 water content, while non-irrigated 

averaged 0.167 ± 0.0039 m3 m-3. “Nodes above white bloom” counts were influenced by the 

main effect of date during 2017 (F= 551.97; df= 3, 339.9; P < 0.0001). Each date was different, 

with fewer nodes above white bloom than the week prior. Week one averaged 6.5 nodes above 

white bloom, and decreased weekly until at week five the average was less than one, signifying 

cutout. 

2016 nitrogen rate effects on bollworm densities. In 2016, density of eggs, first instars, 

and second instars were influenced by the interaction of date and nitrogen (eggs: F= 2.49; df= 

14, 68209; P = 0.0016; firsts: F= 3.57; df= 14, 68212; P < 0.0001; seconds: F= 2.17; df= 14, 
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68209; P= 0.0067). When the interaction was partitioned by date, eggs were only influenced by 

nitrogen during weeks one, seven, and eight (F= 4.58; df= 2, 15743; P= 0.0102, week one; F= 

10.64; df= 2, 15743; P < 0.0001, week seven; F= 7.65; df= 2, 15743; P= 0.0005, week eight). 

During week one, no differences in oviposition were detected using Tukey’s HSD. During week 

seven, more eggs were deposited in the plots receiving 76 and 152 kg N ha-1, than in the plots 

receiving 0 kg N ha-1. During week eight, more eggs were deposited in the plots receiving 152 kg 

N ha-1 than in the plots receiving 0 kg N ha-1. Plots receiving 76 kg N ha-1 had a statistically 

similar number of eggs to those in plots that received both 0 kg N ha-1 and 152 N kg ha-1. When 

the interaction was partitioned by date, nitrogen influenced first instars only during week two 

(F= 25.29; df= 2, 18465; P < 0.0001), when more first instars were within the plots receiving 76 

kg N ha-1 than in the plots receiving 0 kg N ha-1. Plots receiving 152 kg N ha-1 had a statistically 

similar number of first instars to plots receiving both 0 and 76 kg N ha-1. When the interaction 

was partitioned by date, second instars were only influenced by nitrogen during week two (F= 

4.32; df= 2, 21115; P= 0.0133). No differences in second instar numbers between nitrogen 

treatments were detected during week two with Tukey’s HSD. 

2017 nitrogen rate and irrigation effects on bollworm densities. In 2017, eggs were 

influenced by the main effect of irrigation (F= 5.93; df= 1, 222.2; P= 0.0156). More eggs were in 

irrigated plots than were in non-irrigated plots during all weeks. First instars were influenced by 

the interaction of date, nitrogen, and irrigation (F= 2.1; df= 10, 26216; P= 0.0209), and date, 

nitrogen, and node (F= 1.3; df= 170, 26084; P= 0.0053). When the interaction of date, nitrogen, 

and irrigation was partitioned by date, first instars were influenced during weeks one and two 

(F= 3.61; df= 5, 4747; P= 0.0029, week one; F= 5.76; df= 5, 4747; P < 0.0001, week two). More 

first instars were in irrigated plots receiving 152 kg N ha-1 than in non-irrigated plots receiving 
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152 kg N ha-1. All other combinations, including irrigated and non-irrigated plots receiving both 

0 or 76 kg N ha-1, had a statistically similar number of first instars to both irrigated and non-

irrigated plots receiving 152 kg N ha-1. No differences in first instar abundance due to irrigation 

and nitrogen during week two were detected with Tukey’s HSD. When the interaction of date, 

nitrogen, and node was partitioned by date, first instars were influenced during weeks one and 

two (F= 4.11; df= 53, 26157; P < 0.0001, week one; F= 11.3; df= 5, 26162; P < 0.0001, week 

two). During week one, the most first instars were on node 8 in plots receiving 0 kg N ha-1; a 

statistically similar number of first instars to the number on node 8 in plots receiving 0 kg N ha-1 

were on all other node and nitrogen rate combinations between nodes 4 and 15. During week 

two, the most first instars were on node 7 in plots receiving 152 kg N ha-1. A statistically similar 

number of first instars to the number on node 7 in plots receiving 152 kg N ha-1 were on all other 

node and nitrogen rate combinations between nodes 5 and 11.  

Second instars were influenced by the interaction of date and irrigation (F= 2.47; df= 5, 

26349; P= 0.0301), and date, nitrogen, and node (F= 1.25; df= 170, 26349; P= 0.0163). When 

the interaction of date and irrigation was partitioned by date, second instars were only influenced 

by irrigation during week three (F= 11.62; df= 1, 21897; P= 0.0006). More second instars were 

in irrigated than in non-irrigated plots. When the interaction of date, nitrogen, and node was 

partitioned by date, second instars were only influenced during weeks two and three (F= 3.71; 

df= 53, 26345; P < 0.0001, week two; F= 5.93; df= 53, 26345; P < 0.0001, week three). No 

differences in second instars were detected during week two using Tukey’s HSD. During week 

three, the most second instars were on node 11 in plots receiving 152 kg N ha-1. Fewer second 

instars were on node 3 in plots receiving 152 kg N ha-1 and across all nitrogen rates on nodes 18 

and above. All other nitrogen rate and node combinations had a statistically similar number of 
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second instars to the number on node 11 in plots receiving 152 kg N ha-1, and node 3 in plots 

receiving 152 kg N ha-1 and node 18 and above. Third instars were influenced by the interaction 

of date and irrigation (F= 2.74; df= 5, 26352; P= 0.0177) and nitrogen and irrigation (F= 4.15; 

df= 2, 26352; P= 0.0157). When the interaction of date and irrigation was partitioned by date, 

third instars were influenced during week three (F= 13.3; df= 1, 26352; P= 0.0003). During 

week three, more third instars were in irrigated plots than were in non-irrigated plots. No 

differences in third instar numbers in the nitrogen by irrigation interaction were detected by 

Tukey’s HSD.  

Fourth instars were influenced by the interaction of date, nitrogen, and node (F= 1.26; 

df= 170, 26352; P= 0.0126). When interaction of date, nitrogen, and node was partitioned by 

date, fourth instars were influenced by nitrogen and node during weeks three and four (F= 2.95; 

df= 53, 26352; P < 0.0001, week three; F= 5.22; df= 53, 26352; P < 0.0001, week four). 

However, no differences in fourth instar number were detected in either week using Tukey’s 

HSD. Fifth instars were influenced by the interaction of date, irrigation, and node (F= 1.71; df= 

85, 26116; P < 0.0001). When the interaction was partitioned by date, fifth instars were 

influenced during weeks three, four, and five (F= 1.78; df= 35, 26158; P= 0.0032, week three; 

F= 7.94; df= 35, 26158; P < 0.0001, week four; F= 3.65; df= 35, 26158; P < 0.0001, week five). 

Differences in fifth instar numbers were not detected during weeks three and five with Tukey’s 

HSD. During week four, the most fifth instars were on nodes 8 and 11 in irrigated plots. Fewer 

fifth instars were on nodes 3 and 4, as well as nodes 17 and above, regardless of irrigation. All 

other combinations of node and irrigation had a statistically similar number of fifth instars to 

nodes 8 and 11 in irrigated plots, and nodes 3, 4 and 17 and above regardless of irrigation.  
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2016 bollworm vertical egg distribution by plant node.  During 2016, oviposition was 

influenced by the interaction of date and node (F= 5.6; df= 119, 68209; P < 0.0001). When the 

interaction was partitioned by date, oviposition was influenced by node during weeks one, three, 

six, seven, and eight (F= 15.03; df= 17, 68212; P < 0.0001, week one; F= 4.72; df= 17, 68212; P 

< 0.0001, week three; F= 7.90; df= 17, 68212; P < 0.0001, week six; F= 2.39; df= 17, 68212; P 

< 0.0001, week seven; F= 2.10; df= 17, 68212; P= 0.005, week eight). During week one, the 

most eggs were on node 13 (Figure 1.2). Fewer eggs were on nodes 5, 6, and 12. A statistically 

similar number of eggs to the number on nodes 5, 6, and 12, were on nodes 3, 4, 7-12, and 14. 

During week three, the most eggs were on nodes 8 and 10, with fewer eggs on node 18, while all 

other nodes had a statistically similar number of eggs upon them. During week six, the most eggs 

were on node 14; a statistically similar number of eggs were on nodes 13 and 15. The number of 

eggs on node 13 was also equal to the number of eggs on all other nodes except 3, 7, 9, and 19, 

which had fewer eggs; node 15 had a statistically similar number of eggs to all other nodes 

except node 3, which had fewer eggs. During week seven, the most eggs were on node 14, and a 

statistically similar number of eggs were on nodes 7, 11-13 and 15-18. During week eight, the 

most eggs were on nodes 15 and 16. A statistically similar number of eggs were also on nodes 4, 

5, 8-14, 17, and 18. 

2017 bollworm vertical egg distribution by plant node. During 2017, oviposition was 

influenced by the interaction of date and node (F= 5.51; df= 85, 26599; P < 0.0001). When the 

interaction was partitioned by date, oviposition was influenced by node during weeks one, two, 

and six (F= 22.89; df= 17, 26599; P < 0.0001, week one; F= 10.16; df= 17, 26599; P < 0.0001, 

week two; F= 7.72; df= 17, 26599; P < 0.0001, week six). During week one, the most eggs were 

on nodes 8 and 9, but a statistically similar number of eggs were on nodes 5-7 and 10-15 (Figure 
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1.3). During week two, the most eggs were on node 9, but a statistically similar number of eggs 

were on nodes 4-8, and 10-16. During week six, all nodes had eggs upon them, but, the most 

eggs were on node 17, and a statistically similar number of eggs were on nodes 14-16 and 18.   

2016 and 2017 bollworm egg vertical distribution by plant canopy thirds. During 

2016, oviposition by canopy third was influenced by the interaction of date and canopy third (F= 

4.96; df= 14, 11496; P < 0.0001). When the interaction was partitioned by date, oviposition was 

influenced by canopy third during weeks one, six, seven, and eight (F= 9.98; df= 2, 11496; P < 

0.0001, week one; F= 21.82; df= 2, 11496; P < 0.0001, week six; F= 18.12; df= 2, 11496; P < 

0.0001, week seven; F= 17.39; df= 2, 11496; P < 0.0001, week eight). During weeks one and 

seven, the most eggs were in the top canopy third, with fewer eggs in the middle and bottom 

canopy thirds (Figure 1.4). During weeks six and eight, a statistically similar number of eggs 

were in the top and middle canopy thirds, and fewer eggs were in the bottom canopy third.  In 

2017, oviposition by canopy third was influenced by the interaction of date and canopy third (F= 

4.96; df= 14, 11496; P < 0.0001). When the interaction was partitioned by date, oviposition was 

influenced by canopy third during weeks one, two, four, and six (F= 58.20; df= 2, 4482; P < 

0.0001, week one; F= 38.58; df= 2, 4482; P < 0.0001, week two; F= 4.77; df= 2, 4482; P= 

0.0085, week four; F= 35.95; df= 2, 4482; P < 0.0001, week six). During week one, more eggs 

were in the middle canopy third than there were in the top or bottom canopy thirds (Figure 1.4). 

During weeks two and four, a statistically similar number of eggs were in the middle and top 

canopy thirds, while fewer eggs were in the bottom canopy third. During week six, the most eggs 

were in the top canopy third, with fewer eggs in the middle and bottom canopy thirds. 

2016 and 2017 bollworm larvae vertical distribution by plant node. During 2016, first 

instars were influenced by the interaction of date and node (F= 6.54; df= 119, 68498; P < 
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0.0001). When the interaction was partitioned by date, first instars were influenced by node 

during weeks two and three (F= 50.31; df= 17, 68500; P < 0.0001, week two; F= 5.22; df= 17, 

68500; P < 0.0001, week three). During week two, the most first instars were on node 11 (Figure 

1.5). A statistically similar number of first instars were on nodes 5-10 and 12 and 13. During 

week three, the most first instars were on node 13, while a statistically similar number of first 

instars were on nodes 4-12, and 14-17. During 2017, first instars were influenced by the 

interaction of date and node (F= 4.51; df= 85, 26618; P < 0.0001). When the interaction was 

partitioned by date, first instars were influenced by node during weeks one, two, and three (F= 

7.74; df= 17, 26618; P < 0.0001, week one; F= 24.9; df= 17, 26618; P < 0.0001, week two; F= 

2.07; df= 17, 26618; P= 0.006, week three). During week one, the most first instars were on node 

7 (Figure 1.6), and a statistically similar number of first instars were on nodes 4-6 and 8-15. 

Fewer first instars were on node 3, and 16-18 than there were on node 7. During week two, the 

most first instars were on node 7, and a statistically similar number of first instars were on nodes 

6 and 8-12. Fewer first instars than the number on node 7 were on nodes 3-5 and 13-18. During 

week three, the most first instars were on node 13, but a statistically similar number of first 

instars were on nodes 3-12, 14-16, and 19.  

During 2016, second instars were influenced by the interaction of date and node (F= 

1.71; df= 119, 68495; P < 0.0001). When the interaction was partitioned by date, second instars 

were influenced by node during weeks two through five (F= 2.24; df= 17, 68498; P= 0.0023, 

week two; F= 7.07; df= 17, 68498; P < 0.0001, week three; F= 3.75; df= 17, 68498; P < 0.0001, 

week four; F= 4.95; df= 17, 68498; P < 0.0001, week five). During weeks two, four, and five, 

differences in second instar numbers between nodes were not detected with Tukey’s HSD 

(Figure 1.7). During week three, the most second instars were on node 7. A statistically similar 
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number of second instars to node 7 were on nodes 3-6 and 8-16. During 2017, second instars 

were influenced by the interaction of date and node (F= 2.42; df= 85, 26889; P < 0.0001); when 

the interaction was partitioned by date, second instars were influenced by node during weeks 

two, three, and four (F= 5.29; df= 17, 26889; P < 0.0001, week two; F= 11.51; df= 17, 26889; P 

< 0.0001, week three; F= 2; df= 17, 26889; P= 0.0084, week four). During week two, the most 

second instars were on node 9 (Figure 1.8). A statistically similar number of second instars to the 

number on node 9 were on nodes 3-8, 10-15, and 18. During week three, the most second instars 

were on node 11. A statistically similar number of second instars were on nodes 4-10, 12, 13, 

and 16. No differences in second instar number among nodes was detected during week four 

with Tukey’s HSD.  

During 2016, third instars were influenced by the interaction of date and node (F= 1.69; 

df= 119, 68496; P < 0.0001), and when the interaction was partitioned by date, node influenced 

third instars during weeks three, four, and five (F= 4.44; df= 17, 68499; P < 0.0001, week three; 

F= 3.4; df= 17, 68499; P < 0.0001, week four; F= 7.75; df= 17, 68499; P < 0.0001, week five). 

During week three, no differences in third instar numbers were detected using Tukey’s HSD 

(Figure 1.9). During week four, the most third instars were on node 11. A statistically similar 

number of third instars to the number on node 11 were on nodes 3, 5-10, 12, 13, and 15. During 

week five, the most third instars were on node 10. A statistically similar number of third instars 

to the number on node 10 were on nodes 5, 7-9, 11, and 13-15, which were also statistically 

similar to the number of third instars on nodes 3, 4, 6, 12, 16, and 17. During 2017, third instars 

were influenced by the interaction of date and node (F= 2.76; df= 85, 26649; P < 0.0001), and 

when the interaction was partitioned by date, third instars were influenced by node during weeks 

three and four (F= 12.6; df= 17, 26649; P < 0.0001, week three; F= 5.57; df= 17, 26649; P < 
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0.0001, week four). During week three, the highest number of third instars were on nodes 5 and 

9, and a statistically similar number of third instars were on nodes 3, 4, 6-8, 10, and 12-15 

(Figure 1.10). During week four, the highest number of third instars were on node 7. A 

statistically similar number of third instars to the number of third instars on node 7 were on 

nodes 5, 6, 8-16, and 18.   

During 2016 and 2017 fourth instars were influenced by the interaction of date and node 

(2016: F= 1.45; df= 119, 68973; P= 0.001; 2017: F= 1.78; df= 85, 26889; P < 0.0001). When 

each year’s interaction was partitioned by date, fourth instars were influenced by node during 

weeks four, five, and six during 2016 (F= 7.19; df= 17, 68973; P < 0.0001, week four; F= 3.56; 

df= 17, 68973; P < 0.0001, week five; F= 7.75; df= 17, 68973; P < 0.0001, week six; F= 2.72; 

df= 17, 68973; P= 0.0002, week seven) and weeks three and four during 2017 (F= 4.96; df= 17, 

26889; P < 0.0001, week three; F= 6.15; df= 17, 26889; P < 0.0001, week four). Even though 

five weeks were significant between both years, no differences between nodes were detected 

using Tukey’s HSD.  

Fifth instars were influenced by the interaction of date and node during both years (F= 

2.58; df= 119, 68973; P < 0.0001, 2016; F= 2.37; df= 85, 26651; P < 0.0001, 2017). During 

2016, when the interaction was partitioned by date, fifth instars were influenced by node during 

weeks four, five, six, and seven (F= 15.79; df= 17, 68973; P < 0.0001, week four; F= 1.85; df= 

17, 68973; P= 0.0176, week five; F= 4.33; df= 17, 68973; P < 0.0001, week six; F= 1.75; df= 

17, 68973; P= 0.0277, week seven). Differences in fifth instar number among nodes were only 

detected during week four using Tukey’s HSD (Figure 1.11). During week four, the most fifth 

instars were on node 7, and a statistically similar number of fifth instars were on node 6 and 

nodes 8-12. Fewer fifth instars than the number on node 7 were on nodes 3-5, and 14. During 
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2017, when the interaction was partitioned by date, fifth instars were influenced by node during 

weeks three, four, and five (F= 2.17; df= 17, 26651; P= 0.0035, week three; F= 9.87; df= 17, 

26651; P < 0.0001, week four; F= 5.58; df= 17, 26651; P < 0.0001, week five). No differences in 

fifth instar numbers between nodes were detected during week three with Tukey’s HSD (Figure 

1.12). During week 4, the most fifth instars were on node 11, but a statistically similar number of 

fifth instars were also on nodes 5-10, and 12-16. During week five, the most fifth instars were on 

node 12, but a statistically similar number were on nodes 5-11, 14, and 15. 

 

Discussion 

Our study confirms that oviposition of bollworm and tobacco budworm in cotton is not 

always restricted to the top third of the canopy (terminal), as suggested by previous studies 

(Farrar and Bradley 1985b, Torres and Ruberson 2006). Furthermore, our study demonstrated the 

ovipositional preference of bollworm females for nitrogen-rich and irrigated cotton. However, 

larval densities were only different among nitrogen plots up to the second instar, during 2016. 

During 2017, irrigation influenced larval densities more than nitrogen with generally more larvae 

in irrigated plots up to the third instar. Neither factor strongly influenced the vertical distribution 

of the larvae in a consistent manner. 

We were surprised by our ovipositional location findings and expected most eggs to be 

near the terminal of plants. Oviposition was not different between the terminal and middle thirds 

of the plant during 11 of 14 weeks which were sampled; two of the three weeks when oviposition 

was higher in the terminal occurred during later sampling periods. During this later sampling 

period, few larvae were able to establish on the plants. It is possible that larvae were unable to 

penetrate bolls by this point in the season (Bagwell 1994) and a limited number of fruiting 
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structures prior to, or soon after anthesis, were available for larvae to establish upon, when 

eclosing from the second oviposition peak. Like our study, previous studies did not distinguish 

between bollworm and tobacco budworm oviposition, but assumed that the majority of eggs 

were bollworm based on larval characteristics or light trap captures of adult moths. If these two 

species have different oviposition strategies, the distinction between the two could be important. 

Our study was restricted to Bt pyramided cotton and Bt toxin pyramids remain highly effective 

against tobacco budworm (Siebert et al. 2008, Blanco et al. 2009). Furthermore, tobacco 

budworm moth oviposition rates are similar between Bt and non-Bt cotton (Parker and Luttrell 

1998, Torres and Ruberson 2006). Based on observations comparing first instar numbers, in a 

given week, to egg numbers the week prior, we observed high larval establishments in most 

weeks. Most eggs were likely from bollworm, with the exception of the first sampling week 

during 2016.  

Previous studies have not attempted to distinguish between bollworm and tobacco 

budworm oviposition in cotton, since only subtle morphological factors distinguish the eggs of 

the two species (Bernhardt and Phillips 1985, Farrar and Bradley 1985b, Greenstone 1995, 

Torres and Ruberson 2006). These field studies simply refer to heliothine eggs as a group, 

though differences between species and their oviposition location may exist. After sampling a 

high number of eggs during week one of 2016, we recorded relatively high numbers of first 

instars during week two. However, substantially fewer second instars were recorded during week 

three of 2016, while in other sampling weeks, a higher proportion of second instars were 

recorded following a week of high first instar abundance. Thus far, Bt pyramided cotton is still 

successful in controlling tobacco budworm (Siebert et al. 2008, Blanco et al. 2009) and we did 

not expect to find any second instar tobacco budworm larvae surviving in Bt cotton. Larval 
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mortality was relatively low after they reached second instar, as evidenced by a higher 

proportion of larvae surviving to older instars. Therefore, it is possible the large egg deposition 

in the terminal in week one of 2016 consisted of a large proportion of tobacco budworm eggs. 

Data from The North Carolina Cooperative Extension Service light trap database (NCCES 2017) 

indicated that tobacco budworm moth numbers peaked during the middle of July of 2016, near 

the time and place where we initiated our sampling efforts, but there was no comparable peak 

during 2017; this, along with overall lower tobacco budworm moth numbers later in 2016 and 

throughout the 2017 season, corroborates our determination that tobacco budworm moths 

influenced our oviposition results during week one of 2016 (NCCES 2017). Research could be 

initiated comparing plant-level oviposition distribution differences between tobacco budworm 

and bollworm to further clarify this possible result.  

Unlike previous studies, we examined oviposition weekly throughout the season, rather 

than at short time intervals (Farrar and Bradley 1985b), or pooled over time (Torres and 

Ruberson 2006). Each year, two distinct oviposition peaks were recorded in our plots. The 

timing of these ovipositional events coincided with the typical timing of the third and fourth 

yearly bollworm generations in North Carolina (Neunzig 1969, Kennedy and Storer 2000). 

Irrigation just prior to bollworm moth flights increases nectar production in cotton flowers, 

which can attract moths and increase oviposition (Slosser 1980). With the exception of week one 

during 2016, oviposition was fairly evenly distributed across all plant nodes during the earlier 

part of the sampling period, which corresponded to the flowering locations on cotton plants 

during the same period.  During weeks one and two of 2017, the average first position cotton 

flowers were 6.5 and 5.2 nodes below the terminal, which corresponded to nodes 7-11. However, 

during week five, when oviposition was more concentrated toward the terminal, cotton was 
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flowering at or just below the top node. Cotton maturity was similar during 2016, although plant 

growth was not mapped. Bollworm moths move to flowers to feed on nectar (Bishopp and Jones 

1907, Fitt 1989), and it is logical to assume they would deposit eggs while in that area of the 

plant. In the case of Old World bollworm (Helicoverpa armigera Hübner), adult nectar feeding 

increases oviposition rate and lifespan (Song et al. 2007). This may explain a more even 

distribution of eggs within the canopy during earlier weeks when bollworm were lower on the 

plant feeding on nectar, while during later weeks eggs were more concentrated near the terminal. 

North Carolina is now recommending an egg threshold for bollworm in two-toxin Bt cotton 

(Reisig 2018). Understanding bollworm oviposition location on the plant is critical to achieving 

adequate sampling of bollworm eggs. This research raises concerns over scouting terminals 

alone, especially earlier in the growing season when scouts may underestimate egg abundance by 

scouting terminals and thus make improper decisions regarding insecticide application. 

Moreover, it is apparent from our data that bollworm oviposition should be considered over time. 

We did not directly observe the movement of individual larvae during this study. 

However, by sampling at weekly intervals, we assumed that changes in the primary node 

positions between stadia was representative of vertical movement that occurred as bollworm 

developed. Similar to previous reports (Farrar and Bradley 1985b), first instar distribution within 

the plant was generally similar to egg distribution. During 2016, first instar distribution was 

relatively even throughout the plant canopy, outside of the bottommost or topmost nodes. We did 

not record major differences between egg location and first instar location, with the exception of 

the eggs on node 13 during week one of 2016. During week two of 2016, the first instars that 

hatched from eggs previously recorded in week one had dispersed throughout the plant canopy, 

which is a common behavior with first instar heliothines in both non-Bt and Bt cotton (Wilson et 
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al. 1980, Farrar and Bradley 1985a, Parker and Luttrell 1999, Gore et al. 2002). In 2017, when 

oviposition was more evenly distributed lower in the canopy during the early sampling weeks, 

more first instars were present on the lower nodes of the plant and fewer were found near the 

terminal. The nodes upon which most first instars were located were never above the highest 

node upon which most eggs were located in previous weeks. Based on this, we hypothesize that 

first instars move down the plant when eclosing near the terminal, but do not move up the plant 

when eclosing lower in the canopy. Second instar location was similar to first instar location in 

both years. Few second instars were found near terminals, with an even distribution during week 

three of 2016 and higher numbers lower in the plant canopy during weeks two and three of 2017. 

A majority of cotton yield comes from larger bolls in the middle of plants (Ritchie et al. 

2007). These larger bolls are a preferred feeding site for larvae, and when larvae feed in this area 

they can destroy a large number of bolls critical for yield (Wilson and Gutierrez 1980, Farrar and 

Bradley 1985 a, b, Braswell 2018). We observed substantial differences between bollworm 

oviposition location and the location of larvae at the third instar and older within the canopy. 

Third instars appeared to congregate around the middle of the plant canopy in both years. Larvae 

that were at the base of the canopy began moving up, unlike first and second instars, leaving 

nodes 5 and below with few larvae. Likewise, few third instars were located within the upper two 

to three nodes. The highest node on which third instars were located was typically below the 

highest node on which younger instars were located on the same sampling date. This disparity 

between stadia indicates no upward movement from the middle of the plant to the terminal by the 

older larvae, even as the plant continued to add nodes. Fourth and fifth instars continued moving 

towards the middle of the plant canopy around nodes 6-12, with fewer larvae at higher and lower 

nodes than previous larval stages. An individual bollworm may feed on 17 fruiting structures 
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over the course of its lifetime (Wilson and Gutierrez 1980). Therefore, if larvae begin feeding in 

upper or lower portions of the canopy, destruction and abscission of fruiting structures as they 

feed may force them to move centrally within the plant in order to seek out additional structures 

to feed upon (Braswell 2018).   

Bt toxin expression can vary within cotton plants due to several factors including toxin 

type and structure type, age, and their canopy position. For example, Cry1Ac levels are higher 

earlier in the growing season and are higher in terminal foliage; in contrast, Cry1F levels are 

higher later in the growing season and are higher in older leaves (Greenplate 1999, Greenplate et 

al. 2001, Pettigrew and Adamczyk 2006, Sivasupramaniam et al. 2008, Siebert et al. 2009). 

Previous research on bollworm behavior assumed oviposition occurred almost exclusively on the 

terminal, and as such, only released larvae on the terminal where larvae would ingest tissue 

before moving down into the canopy (Gore et al. 2002), where high Cry1Ac concentrations exist 

(Greenplate 1999). Our data show a more even initial distribution of eggs and small larvae 

throughout the plant canopy compared to previous research (Farrar and Bradley 1985a, Torres 

and Ruberson 2006), which increases the possibility of young larvae being exposed to lower 

doses of Bt toxin and raises concerns of resistance development (Brévault et al. 2013).  

Cotton which is unstressed may be more attractive to ovipositing bollworm (Gaines 1933, 

Slosser 1980). Plants in our plots which were irrigated or received more nitrogen had a more 

rank growth habit, as evidence by more chlorophyll content in SPAD meter readings and taller 

stature by season’s end. Eggs and smaller larvae were more abundant on cotton with irrigation or 

more nitrogen. However, nitrogen did not influence oviposition until later sampling dates and 

this was during weeks when eggs did not establish as larvae. More younger stage larvae were 

present in cotton receiving nitrogen during early weeks, but differences in larval numbers were 
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not maintained as larval stage increased. Although older larvae were generally less abundant on 

irrigated cotton or cotton receiving higher nitrogen, it may be worthwhile to initiate scouting 

within unstressed or more rank cotton. By doing so, pest management practitioners may be able 

to determine if scouting whole fields is necessary, or if bollworm are not yet present in the 

system; but further research investigating this scouting approach is warranted. 

We observed a disparity between ovipositional preference and larval establishment based 

on nitrogen or irrigation. Hypotheses abound surrounding plant-insect interactions related to 

plant nutrients and stress, with some research suggesting insects perform better on stressed plants 

that may not have the defenses of healthy plants (White 1974, 2009), while other research 

suggests that insects perform better on healthy more nutritious plants (Price 1991). Natural plant 

defenses may increase when nutrients and water are more available, as may Bt toxin 

concentration (Herms and Matteson 1992, Coviella et al. 2000). Meta-analyses of studies 

investigating the plant stress hypothesis suggest that, especially for chewing insects, plant stress 

may, or may not, increase insect performance (Huberty and Denno 2004). Our data do not 

support the plant stress hypothesis since we did not see an increase in bollworm oviposition or 

larval abundance in cotton without irrigation or nitrogen. 

 Alternatively, the plant vigor hypothesis states that insects prefer to establish and forage 

in healthier vigorous plants (Price 1991). A meta-analysis of the literature that examined the 

plant vigor hypothesis showed strong support for this concept in phytophagous insects, and most 

studies reported an increased insect abundance on vigorously growing plants (Cornelissen et al. 

2008). In our study, nitrogen rate generally did not influence oviposition on cotton plants until 

the later weeks when differences in plant quality was more pronounced. However, we observed 

more young larvae on cotton plants when more nitrogen was applied despite the lack of 
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oviposition differences prior to those larvae eclosing. Furthermore, the differences in young 

larvae abundance between treatments was less pronounced in the older larvae. These results 

corroborate previous research supporting the plant vigor hypothesis (Cornelissen et al. 2008). If 

our results were simply an artifact of ovipositional preference, we would have expected larval 

populations of all stadia to remain equal, and in proportion with oviposition rate in all treatments. 

Although young larvae were more abundant in plots receiving irrigation or increased nitrogen, 

their location within the plant was not generally affected. Although host-plant quality could have 

impacted larval abundance, several other factors could influence larval abundance, including 

changes in Bt expression levels, increased abundance of beneficial arthropods within the more 

vigorous high nitrogen or irrigated cotton, or changes in the quantity of larvae which disperse 

from cotton plants (Coviella et al. 2001, Chen and Ruberson 2008, Braswell 2018). Further 

research comparing bollworm larval survivorship in Bt versus non-Bt cotton under different 

levels of fertilization or irrigation, as well as documenting beneficial arthropod abundance would 

complement our results. 

Oviposition throughout the plant canopy has implications for pest surveillance by 

growers, as well as implications for resistance management. It will be important to continue to 

characterize specific bollworm behaviors in pyramided Bt toxin cotton, as well as to quantify the 

behavioral differences that may arise as resistance becomes more prevalent. Further 

characterization of bollworm oviposition within the canopy through additional research will 

improve scouting efficiency. Development of varieties which have a more uniform, and high 

dose, expression of Bt toxin, especially in fruiting structures, will ensure all larvae are exposed to 

a high dose, regardless of where they begin feeding on the plant. Understanding the ecology of 

the pest, and how changes in crop management or growing conditions affect that pest and its 
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ecology over time, ensures proper decisions can be made to promote sound pest and resistance 

management.  
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Figure 1.1 Over view of mean (±SEM) number of eggs or larvae per node per plant in each week. X-axis scale is equal for 

eggs and first instars, as well as second, third, fourth, and fifth instars. 
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Figure 2. Mean (± SEM) number of helothine eggs per plant by plant node during 2016. Means within a week sharing the same letter are not different (α ≤ 0.05). Weeks that 

were not significant when the interaction variation of week by node was partitioned for week are not presented here. Within a week, the upper-most mean node of plants 

(correlated with plant height) corresponds to the maximum node number where eggs were recorded. 
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Figure 1.3 Mean (± SEM) number of helothine eggs per plant by plant node during 2017. Means within a week sharing the same letter are not different (α ≤ 0.05). Weeks that 

were not significant when the interaction variation of week by node was partitioned for week are not presented here. Within a week, the upper-most mean node of plants 

(correlated with plant height) corresponds to the maximum node number where eggs were recorded. 
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Figure 1.4 Mean (± SEM) number of helothine eggs per plant by canopy third. Means within a week sharing the same letter 

are not different (α ≤ 0.05) and weeks which do not included letters were not significant when the date by section interaction 

variation was partitioned for date. 
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Figure 1.5 Mean (± SEM) number of first instars by plant node for 2016. Means within a week sharing the same letter are not 

different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for week 

are not presented here. 
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Figure 1.6 Mean (± SEM) number of first instars by plant node for 2017. Means within a week sharing the same letter are not 

different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for week 

are not presented here. 
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Figure 1.7 Mean (± SEM) number of second instars by plant node for 2016. Means within a week sharing the same letter are not different (α ≤ 0.05). Weeks which were not 

significant when the interaction variation of week by node was partitioned for week are not presented here. 
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Figure 1.8 Mean (± SEM) number of second instars by plant node for 2017. Means within a week sharing the same letter are 

not different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for 

week are not presented here. 
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Figure 1.9 Mean (± SEM) number of third instars by plant node for 2016. Means within a week sharing the same letter are 

not different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for 

week are not presented here. 
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Figure 1.10 Mean (± SEM) number of third instars by plant node during 2017. Means within a week sharing the same letter 

are not different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for 

week are not presented here. 
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Figure 1.11 Mean (± SEM) number of fifth instars by plant node during 2016. Means within a week sharing the same letter are not different (α ≤ 0.05). Weeks which were not 

significant when the interaction variation of week by node was partitioned for week are not presented here. 
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Figure 1.12 Mean (± SEM) number of fifth instars by plant node during 2017. Means within a week sharing the same letter 

are not different (α ≤ 0.05). Weeks which were not significant when the interaction variation of week by node was partitioned for 

week are not presented here. 
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CHAPTER 2 

Bollworm, Helicoverpa zea Boddie (Lepidoptera: Noctuidae), preference for plant 

structures, and their location, within Bt cotton under different  

nitrogen and irrigation regimes 

Lewis Braswell, Dominic Reisig, Clyde Sorenson, Guy Collins 

 

Abstract 

The bollworm (Helicoverpa zea Boddie) is a common economic pest of cotton 

(Gossypium hirsutum L.), including varieties that express Bacillus thuringiensis (Bt) insecticidal 

protein. Bollworm oviposition distribution is similar in Bt and non-Bt cotton, but behavior of 

bollworm larvae can be different in the presence of Bt, with neonates moving away from 

terminals faster in single toxin Bt than non-Bt cotton, or avoiding Bt-treated diet in the lab. We 

quantified bollworm egg and larval distribution within cotton plants, and determined cotton 

structural preference of ovipositing moths and different larval stages. We planted small plot 

experiments of Cry1Ac + Cry1F cotton in 2016 with three nitrogen rates and with and without 

irrigation during 2017. We recorded location and structure of all eggs and larvae using whole 

plant searches for several weeks each season. Nitrogen and irrigation did not have major impacts 

on bollworm oviposition and larval structure preference. Bollworm eggs were most common on 

leaves in the top and middle sections of cotton plants throughout the season. Eggs were usually 

on leaves at position zero in the top section of plants, and away from stems lower in plants. First 

instars were more common on squares in the top section of plants during 2016, and bolls in the 

middle and lower sections during 2017; second instars were in similar locations. During both 
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years, third through fifth instars were more common on bolls in the middle and lower section of 

plants. All larvae were located on structures closer to the main stem. 

 

Introduction 

The bollworm (Helicoverpa zea Boddie) is an economic pest of cotton (Gossypium 

hirsutum L.) throughout the southeastern United States (Neunzig 1969, Fitt 1989). Cotton grown 

in North Carolina typically blooms throughout July and August, coinciding with the third 

generation of bollworm development within a growing season after they have fed on weedy hosts 

and corn (Zea mays L.) during previous generations (Neunzig 1963, 1969, Storer 1999, Kennedy 

and Storer 2000, Storer et al. 2001). Some research suggests that bollworm moths typically 

oviposit within the terminal foliage of cotton plants, or in the top third of the canopy (Farrar and 

Bradley 1985b, Torres and Ruberson 2006). Other, older research demonstrated that moths will 

oviposit throughout the canopy, often on bracts of fruit (Quaintenance and Brues 1905, Mistric 

1964). In addition, in other crops, such as tobacco (Nicotiana tabacum L.), bollworm eggs are 

deposited away from the terminal (Neunzig 1969). Bollworm larvae prefer to feed on squares, 

flowers, and bolls within a cotton plant, and they may feed on these structures throughout the 

entire plant canopy; however, the location of larval eclosion within the canopy of a cotton plant 

does not influence their ability to move to, and feed upon, those preferred fruiting structures (Fye 

1972, Farrar and Bradley 1985a).  

Stems and leaves make up a large portion of dry matter accumulation in cotton plants, but 

they also make up a relatively low proportion of the nitrogen that accumulates within the cotton 

plant (Basset et al. 1970, Mullins and Burmester 1990, Bouquet and Breitenbeck 2000). Nutrient 

content is relatively low in reproductive structures (squares) prior to anthesis, after which point a 
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majority of the nutrients found within the whole plant quickly accumulate in different portions of 

the boll, such as walls, lint and seeds (Rochester et al. 2012).  Cotton bolls offer a potential array 

of nutrients to herbivores, with seeds being high in nitrogen, while boll walls contain higher 

levels of calcium and potassium (Rochester et al. 2012). End-of-season nitrogen accumulation is 

mostly in bolls, with carpels and seeds making up approximately half of the nitrogen within the 

plant (Bouquet and Breitenbeck 2000).  

Nitrogen is considered the biggest nutrient limiting herbivore growth and development. 

Given the opportunity to preferentially feed on diets of varying nutrient profiles, insects will 

effectively regulate their nutrient intake (Mattson 1980, Behmer 2009). Cotton flowers form 

sequentially from the base of the plant towards the terminal beginning approximately 60 days 

after planting (Ritchie et al. 2007). Plants will begin flowering on the first sympodia around node 

five or six and continue upwards, with subsequent first position fruiting positions flowering 

approximately three days following the flowering on the previous node (Ritchie et al. 2007). The 

timing of this flowering process coincides closely with yearly third generation of bollworm 

occurrence in North Carolina (Neunzig 1969, Kennedy and Storer 2001). Caterpillars are likely 

to feed on those first and second position structures since they develop first and are available for 

a longer portion of the growing season, but quantification of this is needed. Moreover, first 

position bolls account for as much as 75% of total lint yield within a cotton plant, and second 

position bolls will contribute between 18 and 21% of total lint yield (Constable 1991, Ritchie et 

al. 2007). Abscission of fruiting structures is common, and can be caused by different stresses, 

including low fertility, water shortage and insect feeding injury (Ritchie et al. 2007). Therefore, 

first position fruiting structures are essential for ensuring maximum cotton yields, and efforts 

should be made to prevent loss of first position fruit. 
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Cotton produces many secondary metabolites, some of which are insecticidal to 

bollworm and other Lepidoptera pests (Bottger et al. 1964, Waiss et al. 1977, Reese 1981, 

Muehleisen et al. 1989, Hedin et al. 1991, Nix et al. 2017). Terpenoid aldehydes, specifically 

gossypol, are produced in cotton plant glands and have been manipulated for pest resistance, 

since they can reduce caterpillar size and increase mortality (Bottger et al. 1964, Lukefahr et al. 

1966, Hedin et al. 1991). Other condensed tannins also confer resistance to insect pests (Reese 

1981). Bollworm neonates experienced reduced growth when fed diet containing tannins at only 

10% of what occurs naturally within cotton squares (Waiss et al. 1977). Bollworm caterpillars 

can detect and avoid tannins through feeding. For example, when neonates are released onto 

cotton, they feed on certain portions of squares with lower tannin content than other portions of 

the square, thus, avoiding those tannins through detection and selective feeding (Reese 1981, 

Reese et al. 1981). Tobacco budworm (Heliothis virescens F.) larvae also avoid the glands of 

cotton that produce gossypol (Hedin et al. 1991). These avoidance behaviors could be explained 

by optimal diet theory (Sih and Christensen 2001); bollworm larvae avoid suboptimal diets, such 

as parts of squares or structures that have negative effects on their growth and survival, and 

instead choose to feed on segments of structures that do not cause those negative effects. 

A majority of the cotton that is planted in the United States expresses Bacillus 

thuringiensis (Bt) delta endotoxins for control of Lepidoptera pests (NASS 2016). Expression of 

Bt toxin within a cotton plant is dependent on many factors which may include genetics, fertility, 

and environment (Greenplate 1999, Greenplate et al. 2001, Pettigrew and Adamczyk 2006, Dong 

and Li 2007, Sivasupramaniam et al. 2008, Siebert et al. 2009, Addison and Rodgers 2010). 

Single Bt toxin cotton, expressing Cry1Ac (Bollgard Monsanto Co. St. Louis, MO), has higher 

expression in the terminal, compared to older plant tissue (Greenplate 1999). In contrast, 
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pyramided Bt cotton, expressing Cry1Ac + Cry1F (Widestrike, Dow Agrosciences, LLC, 

Indianapolis, IN), has higher Cry1F expression levels in older mature leaves compared to 

terminals (Siebert et al. 2009). The individual Bt protein expression levels of Cry1Ac + Cry1F 

cotton also vary within the plant. There are higher Cry1Ac levels in younger tissue, terminals, 

squares, or flowers, and more Cry1F in the mature leaves (Siebert et al. 2009). Temporal 

variability may also occur, with Cry1F levels increasing as plants age, and Cry1Ac levels 

decreasing through time (Greenplate 1999, Siebert et al. 2009). Production practices can also 

alter Bt expression; for example, higher Bt expression levels can occur under increased nitrogen 

fertilization in single toxin Bt (Cry1Ac) cotton (Coviella et al. 2002, Pettigrew and Adamczyk 

2006).  

Some species of helothine larvae can choose where to feed based on the presence of Bt. 

For example, Old World bollworm (Helicoverpa armigera Hübner) larvae will preferentially 

feed on a non-Bt cotton structure compared to the same structure from Cry1Ac + Cry2Ab cotton 

(Bollgard II, Monsanto Co.; Lu et al. 2011). Likewise, when given a choice between Bt-treated 

and untreated artificial diets, both bollworm and tobacco budworm will feed on diet not treated 

with Cry1Ac or Cry2Ab (Gore et al. 2005). This behavior is reflective of toxin aversion and is 

not necessarily related to behavioral resistance (Zalucki and Furlong 2017). However, larval 

behavior is thought to play a role in the development of resistance (Sparks et al. 1989). The 

avoidance of Bt toxin by bollworm within cotton plants could also be explained by optimal diet 

theory (Sih and Christensen 2001). In addition to avoiding Bt and selectively consuming high 

nutrient diets within the plant, bollworm larvae experience differences in Bt susceptibility based 

on the nutrient profile of their diet (Deans et al. 2017). Bt bioassay LC50 results were 100-fold 

different between the same bollworm population when tested on optimal protein rich diet versus 
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suboptimal carbohydrate rich diets (Deans et al. 2017). If bollworm can naturally consume a high 

protein diet, namely bolls and squares, they may increase their tolerance of Bt due to proper 

nutrition, while also avoiding the structures which contain the highest concentrations of Bt 

proteins (Greenplate 1999, Siebert et al. 2009, Deans et al. 2016a, b, 2017). Since there is a 

gradient of Bt expression in the different portions of a cotton plant, and because bollworm larvae 

preferentially feed on structures of lower expression levels, there is a possibility that larvae could 

develop behavioral resistance to Bt by avoiding structures which express lethal doses of Bt toxin. 

This possibility poses a threat for resistance development and for Bt technology (Onstadt 2008, 

Showalter et al. 2009, Carrière et al. 2010, Brévault et al. 2013).  

Bollworm preference for plants may be influenced by nitrogen or irrigation inputs (White 

1969, Slosser 1980, Price 1991). The plant vigor hypothesis states that insects prefer plants, and 

plant parts, that are faster growing (Price 1991). In contrast, the plant stress hypothesis states that 

insects perform better when plants are under stress, since stress from water, nutrients, and other 

factors, can increase the concentrations of nutritive compounds within plants (White 1969). 

These ideas aren’t mutually exclusive, however (White 2009), and may complement one another 

to help explain the interaction of Bt expression, pest performance, and different production 

practices such as fertility and water availability in transgenic crops.  

We set out to determine the within plant distribution and structural preference of 

bollworm oviposition and larvae within Bt cotton exposed to different nitrogen rates and 

irrigation regimes. We expected more oviposition on cotton that received higher nitrogen and 

irrigation. We also expected that oviposition would be most frequent on the plant on, or near, 

fruiting structures, but that a majority of eggs would be deposited on leaves. We expected that 

first and second instar larvae would be more frequent on squares, while older larvae would be 
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more frequent on bolls located lower in the cotton canopy. We report data revisiting long 

standing ideas from cotton research, and untested assumptions in Bt cotton, on egg and larvae 

location, and how this may impact management of bollworm in Bt cotton. 

 

Materials and Methods 

Small plot field experiments were established at the Upper Coastal Plain Research Station 

in Rocky Mount, NC on 25 May 2016 and 17 May 2017. Experiments were planted with 

Phytogen cotton variety PHY 499WRF (Dow AgroSciences, Indianapolis, IN), expressing 

Cry1Ac and Cry1F Bt toxins, in eight row plots measuring 12.2 m, with a row spacing of 0.92 m. 

Standard agronomic practices were implemented for weed control and early season insect 

management (Reisig 2018, York 2018). 

In 2016, the experimental design was a randomized complete block with 8 replications. 

Treatments included three rates of nitrogen fertilizer applied as 30% N liquid urea ammonium 

nitrate at approximately the “matchhead square” stage on 27 June. Rates of fertilizer were 0, 76 

and 152 kg ha-1. In North Carolina, cotton yield is typically maximized between 50-100 kg N ha-

1 depending on location and irrigation, and is optimized when applied near first square (Varco et 

al. 1999, Bronson et al. 2001, Boquet et al. 2004, Crozier 2018). In 2017, the same rates of 

nitrogen were applied on 14 June as part of a 3x2 factorial treatment arrangement. The other 

factor was drip irrigation or no irrigation. Approximately 2 cm of water was applied weekly 

beginning after nitrogen application using a standard drip irrigation system (0.83lph, 30.48cm 

orifice spacing, Eurodrip, USA, Inc, Madera, CA). Throughout the growing season, plots 

received 51 cm of rainfall. During flowering and fruit set, plots received 33 cm of rainfall and 

during that time we applied 9 cm of water through irrigation. 
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Petiole samples are an effective way to estimate plant nitrate levels (Wiedenfield et al. 

2009, Holt 2015), and these were taken biweekly during both years, beginning near nitrogen 

application. Twenty-five to 30 of the uppermost fully expanded leaf and petioles were removed, 

and the leaf blade material was quickly removed and discarded to prevent transpiration. By doing 

this, the remaining nitrate levels in the petiole represents a current level of nitrate in the plant, as 

opposed to accumulated nitrate in the leaf blade. Samples were air dried at 100°C and taken to 

North Carolina Department of Agriculture Agronomic Services Division for quantification. 

During 2016, on the same days as petiole samples, leaf chlorophyll was quantified using a SPAD 

meter (SPAD 502, Spectrum Technologies, Inc, Aurora, IL), with readings taken from one 

uppermost fully developed leaf in 10 plants per plot. During 2017, soil moisture was assessed 

biweekly with a PR2/6 Soil Moisture Probe (Delta-T Devices Ltd, Cambridge, UK). One access 

tube was installed within the row in each plot to allow measurements of soil volumetric water 

content from 10 to 100 cm deep (m3 m-3). 

In each year, scouting for bollworm began around the third week of July and continued 

for six to eight weeks, until larval abundance declined. Scouting consisted of field examinations 

from 10 to 20 plants per plot for bollworm eggs and larvae. Each week, random plants that did 

not have unusual growth habits (such as loss of apical dominance) were searched to prevent 

repeated disturbance and dislodgement of larvae and potential damage to the plants. When eggs 

or larvae were encountered, the height at which they were located was recorded by node from the 

base of the plant, their location along the branch was recorded by position, and the structure upon 

which they were located was also recorded. These structures included bolls, bracts, flowers, 

leaves, squares and stems; in 2017, bracts were further categorized into bracts of bolls, flowers, 

or squares. Squares were defined as the calyx, all structures of the flower bud and sepal enclosed 
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within bracts, as well as the flower petals and structures within them any time prior to anthesis. 

Bracts of squares were considered the bracts surrounding the flower bud. A visual estimation of 

larval instar was made upon examination based on the descriptions by Neunzig (1969). When 

eggs or larvae were located along a stem, node or position was recorded as the one closest to 

their location, and if eggs or larvae were found on main stem leaves, or along a branch prior to 

halfway to position one, the position was considered zero.  

Data were summed to the plot level across plants in order to reduce pseudoreplication and 

denominator degrees of freedom. After summing to plot level, data were partitioned into thirds of 

the plant canopy by date, based on total cotton nodes within a particular date. Positions were 

simplified to reduce data points, and to condense the data along physiologically relevant areas. 

Position zero was left by itself, and was the location of any egg and larvae from the main stem up 

to halfway to position one along a branch. No fruiting structures are located within position zero, 

but this position included stems and main stem leaves. Positions one and two were combined as 

the primary positions where harvestable bolls are found within the canopy. Positions three 

through five were combined as those positions which do not significantly contribute to primary 

yield. Due to the addition of irrigation, and increased cotton structures by splitting bracts by fruit 

type during 2017, data were analyzed by year. Data were subjected to analysis of variance using 

a generalized linear mixed model (PROC GLIMMIX, SAS 9.4, SAS Institute, Cary, NC). Date, 

nitrogen, and irrigation, along with sections of the plant, positions, and cotton structures within 

plants were considered as fixed effects, while replications were considered random. Whenever 

interactions were significant (α ≤ 0.05) involving date, the interaction was partitioned by date in 

order to determine the dates during which the resulting main effect or interaction were significant 

by utilizing the SLICE function within SAS. After partitioning, models were simplified to 
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include only those effects which were significant from the previous full model. Significant 

effects (α ≤ 0.05) were subjected to mean separation using Tukey’s Honest Significant 

Difference test (Tukey 1953).  

 

Results 

Results for petiole nitrate content, SPAD meter readings, and irrigation effects have been 

reported previously (Braswell 2018). Briefly, petiole nitrate was statistically similar in plots 

receiving 76 and 152 kg N ha-1, but nitrate was lower in petioles from plots receiving no 

nitrogen. Petiole nitrate was reduced by about 40%, from over 4000ppm in the plots receiving 

nitrogen, to about 2500 ppm in plots receiving no nitrogen. Leaf chlorophyll content was not 

higher in plots receiving nitrogen until the final week of observation, when more chlorophyll was 

in leaves in plots receiving 152 kg N ha-1 than there was in leaves in plots receiving no nitrogen. 

Soil volumetric water content was higher in plots receiving irrigation. We found at least 1087 

eggs each year, along with at least 322 first instars, 250 second instars, 178 third instars, 140 

fourth instars, and 117 fifth instars (Table 1). 

2016 Nitrogen impact on bollworm structural preference. During 2016, oviposition 

rate was influenced by the interaction of nitrogen and cotton structure (F= 2.09; df= 10, 9936; 

P= 0.022). More eggs were deposited on leaves within the 76 and 152 kg ha-1 nitrogen fertilized 

plant treatments, then on leaves within the unfertilized plant treatment. The number of eggs on 

bracts of plants within all three nitrogen rates and on stems within the 152 kg ha-1 fertilized 

plants was fewer than the number of eggs on leaves within the 0 kg ha-1 nitrogen fertilized plants. 

All other combinations of nitrogen and plant structure were statistically similar, including 

combinations of nitrogen and plant structure that had no eggs upon them.  
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Second instars were also influenced by the combination of nitrogen and cotton structure 

(F= 2.59; df= 10, 9929; P= 0.0004). The most second instars were on squares within the 76 kg 

ha-1 nitrogen fertilized plants. Second instar numbers on squares within the 76 kg ha-1 nitrogen 

fertilized plants were statistically similar to numbers on bolls within the 0, 76 kg ha-1, and 152 kg 

ha-1 nitrogen fertilized plants, as well as second instar numbers on squares within the 152 kg ha-1 

nitrogen fertilized plants. Even fewer second instars were on squares within the 0 kg ha-1 

nitrogen fertilized plants, and there were no second instars on any other nitrogen and cotton 

structure combination. No other fertility effects were significant for any stage during 2016. 

2017 Irrigation and nitrogen impacts on bollworm structural preference. During 

2017, oviposition rate was influenced by the interaction of irrigation, plant section, and cotton 

structure (F= 2.99; df= 14, 9501; P= 0.0001). The most eggs were deposited on leaves in the top 

section of irrigated plants. Compared to that combination of plant section and cotton structure, 

fewer eggs were deposited on leaves in the top section of non-irrigated plants, and on leaves in 

the middle section of irrigated and non-irrigated plants. Compared to those plant sections and 

cotton structure combinations, fewer eggs were deposited on leaves in the lower sections of 

irrigated and non-irrigated plants, and on the bracts of squares in the upper and middle portions 

of irrigated plants; other combinations of vertical section and cotton structure did not have any 

eggs upon them.  

During 2017, first instar locations were influenced by the interaction of date, irrigation, 

and cotton structure (F= 1.49; df= 35, 10269; P= 0.0311). When the interaction was partitioned 

by date, weeks one, two, and three were significant (F= 21.78; df= 15, 10269; P < 0.0001, week 

one; F= 37.08; df= 15, 10269; P < 0.0001, week two; F= 6.61; df= 15, 10269; P < 0.0001, week 

three). When the model was reduced, first instars were only influenced by the interaction of 
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irrigation and cotton structure during week two (F=2.73; df= 7, 1712; P=0.0082). During week 

two, the most first instars were on bolls in non-irrigated plants. Compared to that combination of 

irrigation and cotton structure, a statistically similar number of first instars were on squares, 

bolls, and leaves in irrigated plants. Compared to those two combinations of irrigation and cotton 

structure, fewer first instars than were on bolls in non-irrigated plants were on squares in non-

irrigated plants and on squares, bolls, and leaves in non-irrigated plants. 

During 2017, second instar locations were influenced by the interaction of date, 

irrigation, position, and cotton structure (F= 1.78; df= 70, 10077; P < 0.0001). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks two, 

three, and four (F= 10.77; df= 47, 10077; P < 0.0001, week two; F= 33.74; df= 47, 10077; P < 

0.0001, week three; F= 8.73; df= 47, 10077; P < 0.0001, week four). However, differences were 

only detected during week four when analyzed by date (F= 2.73; df= 14, 1680; P= 0.0005). The 

most second instars were on bolls at positions one and two in non-irrigated plants. Compared to 

that combination of irrigation, position and cotton structure, fewer second instars were on bolls 

and flowers at position one and two in irrigated plants. Compared to that combination of 

irrigation, position, and cotton structure, all other combinations of irrigation, position, and cotton 

structure had fewer second instars upon them, and were not different from each other. 

During 2017, third instar locations were influenced by the interaction of nitrogen, 

irrigation, and cotton structure (F= 2.23; df= 14, 9504; P= 0.0051). The highest number of third 

instars were on bolls on the irrigated and 0 kg ha-1 nitrogen fertilized plants. Compared to that 

combination of nitrogen, irrigation, and cotton structure, a statistically similar number of third 

instars were on bolls in all nitrogen and irrigation combinations, except on bolls in non-irrigated 

and 0 kg ha-1 nitrogen fertilized plants, that had fewer third instars. Fewer third instars were on 
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all other nitrogen, irrigation, and cotton structure combinations, including those that had no third 

instars upon them. 

During 2017, fourth instar locations were only influenced by the interaction of nitrogen 

and cotton structure (F= 1.99; df= 14, 9504; P= 0.0149). The most fourth instars were on bolls 

within the 0 kg ha-1 nitrogen fertilized plants, but a statistically similar number of fourth instars 

were on bolls within the 76 kg ha-1 nitrogen fertilized plants. Compared to those combinations of 

nitrogen and cotton structure, fewer fourth instars were on bolls in the 152 kg ha-1 nitrogen 

fertilized plants. Compared to that combination of nitrogen and cotton structure, a statistically 

similar number of fourth instars were on flowers in the 76 kg ha-1 nitrogen fertilized plants. The 

number of fourth instars on flowers in the 76 kg ha-1 nitrogen fertilized plants was also 

statistically similar to all other combinations of nitrogen and cotton structure, including those 

that had no fourth instars upon them.  

Structural preference of ovipositing bollworm females. During 2016, bollworm 

oviposition rate was affected by the interaction of date, plant section, position, and cotton 

structure (F= 5.21; df= 140, 9936; P < 0.0001) (Table 1). When the interaction was partitioned 

by date, the remaining three-way interaction was significant during weeks one, three, four, six, 

seven, and eight (F= 36.57; df= 53, 9936; P < 0.0001, week one; F= 9.09; df= 53, 9936; P < 

0.0001, week three; F= 3.15; df= 53, 9936; P < 0.0001, week four; F= 15.57; df= 53, 9936; P < 

0.0001, week six; F= 7.52; df= 53, 9936; P < 0.0001, week seven; F= 12.8; df= 53, 9936; P < 

0.0001, week eight). During week one, the most eggs were on leaves in the top section of plants 

at position zero. Compared to that combination of plant section and cotton structure, fewer eggs 

were on leaves in the middle section of plants at positions one and two, on leaves in the lower 

section of plants at positions three, four, and five, and on bracts in the top of plants at positions 
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one and two. During week three, the most eggs were on bracts in the middle section of plants at 

positions one and two. Compared to that combination of plant section and cotton structure, a 

statistically similar number of eggs were on leaves in the middle section of plants at position 

zero, as well as positions one and two, on leaves in the top section of plants at position zero, and 

on leaves in the lower section of plants at positions three, four, and five. During week four, the 

most eggs were on bracts in the middle section of plants at positions one and two. Compared to 

that combination of plant section and cotton structure, a statistically similar number of eggs were 

on stems in the middle section of plants at position zero. During week six, the most eggs were on 

leaves in the middle section of plants at position zero. Compared to that combination of plant 

section and cotton structure, a statistically similar number of eggs were on leaves in the top of 

plants at position zero and on bracts in the middle section of plants at positions one and two. 

During week seven, the most eggs were on leaves in the top section of plants at position zero. 

Compared to that combination of plant section and cotton structure, a statistically similar number 

of eggs were on leaves in the middle section of plants at positions zero, as well as one and two, 

and on bracts in the top of plants at positions one and two. During week eight, the most eggs 

were on leaves in the top section of plants at position zero, but a statistically similar number of 

eggs were on leaves in the middle section of plants at positions one and two. The number of eggs 

on leaves in the middle section of plants at positions one and two was also statistically similar to 

the number of eggs in the top section of plants at positions one and two.  

During 2017, oviposition rate was influenced by the interaction of date, plant section, 

position, and cotton structure (F= 4.8; df= 140, 9933; P < 0.0001) (Table 2). When the 

interaction was partitioned by date, the remaining interaction was significant during all six weeks 

(F= 53.28; df= 71, 9933; P < 0.0001, week one; F= 43.8; df= 71, 9933; P < 0.0001, week two; 
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F= 4.49; df= 71, 9933; P < 0.0001, week three; F= 4.62; df= 71, 9933; P < 0.0001,week four; F= 

2.18; df= 71, 9933; P < 0.0001, week five; F= 24.4; df= 71, 9933; P < 0.0001, week six). During 

week one, the most eggs were on leaves in the top section of plants at position zero. Compared to 

that combination of plant section and cotton structure, a statistically similar number of eggs was 

on leaves in the middle section of plants at positions one and two. Compared to those 

combination of plant section and cotton structure, the number of eggs on leaves in the top section 

of plants at positions one and two was fewer than the number of eggs on leaves in the top section 

of plants at position zero, but statistically similar to the number of eggs on leaves in the middle 

section of plants at positions one and two. During week two, the most eggs were on leaves in the 

top section of plants at position zero. Compared to that combination of plant section and cotton 

structure, fewer eggs were on leaves in the middle section of plants at positions zero, as well as 

one and two, on leaves and bracts of squares in the top section of plants at position one and two, 

and on leaves in the lower section of plants at positions three, four, and five. During week three, 

the most eggs were on leaves in the top section of plants at position zero. Compared to that 

combination of plant section and cotton structure, fewer eggs were on leaves in the middle 

section of plants at positions zero, one and two, and three, four, and five. During week four, the 

most eggs were on leaves in the top section of plants at position zero. Compared to that 

combination of plant section and cotton structure, fewer eggs were on leaves in the middle 

section of plants at positions zero, as well as one and two, and on leaves in the top section of 

plants at positions one and two. During week five, the most eggs were on leaves in the top 

section of plants at positions one and two, and a statistically similar number of eggs were on 

leaves in the top section of plants at position zero, and on leaves in the middle section of plants at 

positions one and two. During week six, the most eggs were on leaves in the top section of plants 
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at position zero. Compared to that combination of plant section and cotton structure, fewer eggs 

were on leaves in the top section of plants at positions one and two.  

First instar preference for cotton structures. During 2016, first instar locations were 

influenced by the interaction of date, plant section, position, and cotton structure (F= 27.93; df= 

140, 9929; P < 0.0001) (Table 3). When the interaction was partitioned by date, the remaining 

interaction was significant during weeks two, three, and four (F= 266.38; df= 53, 9929; P < 

0.0001, week two; F= 25.99; df= 53, 9929; P < 0.0001, week three; F= 1.65; df= 53, 9929; P= 

0.0021, week four). During week two, the most first instars were on squares in the top section of 

plants at positions one and two. Compared to that combination of plant section and cotton 

structure, fewer first instars were on squares in the middle section of plants at positions one and 

two, and on squares in the lower section of plants at positions three, four, and five. During week 

three, the most first instars were on squares on the top section of plants at positions one and two, 

but a statistically similar number of first instars were on squares in the middle section of plants at 

positions one and two. When the model was reduced and analyzed by date, week four did not 

impact first instars within the plant section, position, and cotton structure interaction (F=1.49; 

df= 20, 1235; P=0.0745). 

During 2017, first instar locations were influenced by the interaction of date, plant 

section, position, and cotton structure (F=7.02; df= 140, 9933; P<0.0001) (Table 3). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks one, 

two, and three (F= 22.8; df= 71, 9933; P < 0.0001, week one; F= 49.0; df= 71, 9933; P < 0.0001, 

week two; F= 9.71; df= 71, 9933; P < 0.0001, week three). During week one, the most first 

instars were on squares in the top section of plants at positions one and two. Compared to that 

combination of plant section and cotton structure, fewer first instars were on bolls in the lower 
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and middle sections of plants at positions one and two, on squares in the middle section of plants 

at positions one and two, as well as three, four, and five, and on squares in the lower section of 

plants at positions three, four, and five. During week two, the most first instars were on bolls in 

the top section of plants at positions one and two, but a statistically similar number of first instars 

were on bolls in the lower section of plants at positions one and two, and on squares in the top 

section of plants at positions one and two. During week three, the most first instars were on bolls 

in the middle section of plants at positions one and two. Compared to that combination of plant 

section and cotton structure, fewer first instars were on bolls in the lower section of plants at 

positions one and two, as well as three, four, and five, on squares in the middle section of plants 

at positions one and two, on squares in the top section of plants at positions one and two, and on 

flowers in the middle section of plants at positions one and two.  

Second instar preference for cotton structures. During 2016, second instar locations 

were influenced by the interaction of date, plant section, position, and cotton structure (F= 6.16; 

df= 140, 9929; P < 0.0001) (Table 4). When the interaction was partitioned by date, the 

remaining interaction was significant during weeks two, three, four, and five (F= 12.32; df= 53, 

9929; P < 0.0001, week two; F= 23.38; df= 53, 9929; P < 0.0001, week three; F= 20.55; df= 53, 

9929; P < 0.0001, week four; F= 29.74; df= 53, 9929; P < 0.0001, week five). During week two, 

the most second instars were on squares in the top section of plants at positions one and two. 

Compared to that combination of plant section and cotton structure, fewer second instars were on 

all other plant section, position, and cotton structure combinations that. During week three, the 

most second instars were on squares in the top section of plants at positions one and two. 

Compared to that combination of plant section and cotton structure, a statistically similar number 

of second instars were on squares in the middle section of plants at positions one and two. 
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Compared to that combination of plant section and cotton structure, a statistically similar number 

of second instars were on squares in the lower section of plants at positions three, four, and five, 

and on flowers and bolls in the middle section of plants at positions one and two. During week 

four, the most second instars were on bolls in the middle section of plants at positions one and 

two. Compared to that combination of plant section and cotton structure, fewer second instars 

were on squares in the middle and top sections of plants at positions one and two, and on bolls in 

the lower section of plants at positions one and two, as well as three, four, and five. During week 

five, the most second instars were on bolls in the middle section of plants at positions one and 

two. Compared to that combination of plant section and cotton structure, a statistically similar 

number of second instars were on bolls in the lower section of the plant at positions three, four, 

and five, and on squares in the top section of the plant at positions one and two.  

During 2017, second instar locations were influenced by the interaction of date, plant 

section, position, and cotton structure (F= 5.91; df= 140, 9933; P < 0.0001) (Table 4). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks two, 

three, and four (F= 14.34; df= 71, 9933; P < 0.0001, week two; F= 41.98; df= 71, 9933; P < 

0.0001, week three; F= 9.4; df= 71, 9933; P < 0.0001, week four). During week two, the most 

second instars were on bolls in the lower section of plants at positions one and two. Compared to 

that combination of plant section and cotton structure, a statistically similar number of second 

instars were on bolls and flowers in the middle section of plants at positions one and two and on 

squares in the top section of plants at positions one and two. During week three, the most second 

instars were on bolls in the middle section of plants at positions one and two. Compared to that 

combination of plant section and cotton structure, fewer second instars were on bolls in the lower 

section of plants at positions one and two, and on squares and bolls in lower section of the plant 
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at positions three, four, and five. During week four, the most second instars were on bolls in the 

middle section of plants at positions one and two. Compared to that combination of plant section 

and cotton structure, fewer second instars were on bolls in the lower section of plants at positions 

three, four, and five, and on squares in the top section of plants at positions one and two.  

Third instar preference for cotton structures. During 2016, third instar locations were 

influenced by the interaction of date, plant section, position, and cotton structure (F= 4.4; df= 

140, 9936; P < 0.0001) (Table 5). When the interaction was partitioned by date, the remaining 

interaction was significant during weeks three, four, five, and six (F= 16.32; df= 53, 9936; P < 

0.0001, week three; F= 8.84; df= 53, 9936; P < 0.0001, week four; F= 29.48; df= 53, 9936; P < 

0.0001, week five; F= 6.96; df= 53, 9936; P < 0.0001, week six). During week three, the most 

third instars were on bolls in the lower section of plants at positions one and two. Compared to 

that combination of plant section and cotton structure, a statistically similar number of third 

instars were on squares in the middle and top section of plants at positions one and two and on 

bolls and flowers in the middle section of plants at positions one and two. During week four, the 

most third instars were on bolls in the middle section of plants at positions one and two, and a 

statistically similar number of third instars were on bolls in the lower section of plants at 

positions one and two. During week five, the most third instars were on bolls in the middle 

section of plants at positions one and two. Compared to that combination of plant section and 

cotton structure, fewer third instars were on bolls in the lower section of plants at positions one 

and two, as well as three, four, and five. During week six, the most third instars were on bolls in 

the middle section of plants at positions one and two. Compared to that combination of plant 

section and cotton structure, a statistically similar number of third instars were on bolls in the 

lower section of plants at positions three, four, and five. Compared to that combination of plant 



  66 

 

section and cotton structure, a statistically similar number of third instars were on bolls in the 

middle section of plants at positions three, four, and five.  

During 2017, third instar locations were influenced by the interaction of date, plant 

section, position, and cotton structure (F= 3.48; df= 140, 9936; P < 0.0001) (Table 5). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks two, 

three, four, and five (F= 2.47; df= 71, 9936; P < 0.0001, week two; F= 35.57; df= 71, 9936; P < 

0.0001, week three; F= 20.43; df= 71, 9936; P < 0.0001, week four; F= 3.79; df= 71, 9936; P < 

0.0001, week five). However, when the model was reduced, week two no longer influenced third 

instars (F= 1.42; df= 28, 1656; P= 0.0723). During week three, the most third instars were on 

bolls in the middle section of plants at positions one and two. Compared to that combination of 

plant section and cotton structure, fewer third instars were on bolls in the lower section of plants 

at positions one and two, as well as three, four, and five. During week four, the most third instars 

were on bolls in the middle section of plants at positions one and two. Compared to that 

combination of plant section and cotton structure, fewer third instars were on bolls in the top 

section of plants at positions one and two, on bolls in the lower section of plants at positions one 

and two, as well as three, four, and five, and on bolls in the middle section of plants at positions 

three, four, and five. During week five, the most third instars were on bolls in the middle section 

of plants at positions one and two. Compared to that combination of plant section and cotton 

structure, fewer third instars were on all other plant section, position, and cotton structure 

combinations that were statistically similar, including those combinations that had no third 

instars upon them. 

Fourth instar preference for cotton structures. During 2016, fourth instar locations 

were influenced by the interaction of date, plant section, position, and cotton structure (F= 2.84; 
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df= 140, 9936; P < 0.0001) (Table 6). When the interaction was partitioned by date, the 

remaining interaction was significant during weeks four, five, six, and seven (F= 30.22; df= 53, 

9936; P < 0.0001, week four; F= 16.38; df= 53, 9936; P < 0.0001, week five; F= 10.93; df= 53, 

9936; P < 0.0001, week six; F= 2.9; df= 53, 9936; P < 0.0001, week seven) (Table 7). During 

week four, the most fourth instars were on bolls in the middle section of plants at positions one 

and two. Compared to that combination of plant section and cotton structure, fewer fourth instars 

were on bolls in the lower section of plants at positions one and two.  During week five, the most 

fourth instars were on bolls in the middle section of plants at positions one and two. Compared to 

that combination of plant section and cotton structure, fewer fourth instars were on bolls in the 

lower section of plants at positions one and two, as well as positions three, four, and five. During 

week six, the most fourth instars were on bolls in the middle section of plants at positions one 

and two. Compared to that combination of plant section and cotton structure, fewer fourth instars 

were on bolls in the lower section of plants at positions one and two. During week seven, the 

most fourth instars were on bolls in the middle section of plants at positions one and two. 

Compared to that combination of plant section and cotton structure, fewer fourth instars were on 

all other plant section, position, and cotton structure combinations.   

During 2017, fourth instar locations were influenced by the interaction of date, plant 

section, position, and cotton structure (F= 3.57; df= 140, 9936; P < 0.0001) (Table 6). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks three, 

four, and five (F= 19.88; df= 71, 9936; P < 0.0001, week three; F= 34.39; df= 71, 9936; P < 

0.0001, week four; F= 4.86; df= 71, 9936; P < 0.0001, week five). During week three, the most 

fourth instars were on bolls in the middle section of plants at positions one and two. Compared to 

that combination of plant section and cotton structure, fewer fourth instars were on flowers in the 
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middle section of plants at positions one and two, and on bolls in the lower section of plants at 

positions one and two, as well as three, four, and five. During week four, the most fourth instars 

were on bolls in the middle section of plants at positions one and two. Compared to that 

combination of plant section and cotton structure, fewer fourth instars were on bolls in the top 

section of plants at positions one and two and on bolls in the lower section of plants at positions 

one and two, as well as three, four, and five. During week five, the most fourth instars were on 

bolls in the middle section of plants at positions one and two, and a statistically similar number 

of fourth instars were on bolls in the lower section of plants at positions three, four, and five. 

Compared to that second combination of plant section and cotton structure, a statistically similar 

number of fourth instars were on bolls in the middle section of plants at positions three, four, and 

five, and on bolls in the lower section of plants at positions one and two.  

Fifth instar preference for cotton structures. During 2016, fifth instar locations were 

influenced by the interaction of date, plant section, position, and cotton structure (F= 10.33; df= 

140, 9936; P < 0.0001) (Table 7). When the interaction was partitioned by date, the remaining 

interaction was significant during weeks four, five, six, and seven (F= 7.89; df= 53, 9936; P < 

0.0001, week four; F= 7.89; df= 53, 9936; P < 0.0001, week five; F= 7.89; df= 53, 9936; P < 

0.0001, week six; F= 7.89; df= 53, 9936; P < 0.0001, week seven). During week four, the most 

fifth instars were on bolls in the middle section of plants at positions one and two, and a 

statistically similar number of fifth instars were on bolls in the lower section of plants at 

positions one and two. During week five, the most fifth instars were on bolls in the middle 

section of plants at positions one and two. Compared to that combination of plant section and 

cotton structure, fewer fifth instars were on bolls on the lower section of plants at positions one 

and two, as well as three, four, and five. During week six, the most fifth instars were on bolls in 
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the middle section of plants at positions one and two. Compared to that combination of plant 

section and cotton structure, fewer fifth instars were on bolls in the lower section of plants at 

positions three, four, and five. During week seven, the most fifth instars were on bolls in the 

middle section of plants at position one and two. Compared to that combination of plant section 

and cotton structure, fewer fifth instars were on bolls in the lower section of plants at positions 

one and two, as well as three, four, and five.  

During 2017, fifth instar locations were influenced by the interaction of date, plant 

section, position, and cotton structure (F= 4.81; df= 140, 9933; P < 0.0001) (Table 7). When the 

interaction was partitioned by date, the remaining interaction was significant during weeks three, 

four, and five (F= 7.37; df= 71, 9933; P < 0.0001, week three; F= 40.14; df= 71, 9933; P < 

0.0001, week four; F= 22.65; df= 71, 9933; P < 0.0001, week five). During week three, the most 

fifth instars were on bolls in the lower section of plants at positions one and two, and a 

statistically similar number of fifth instars on bolls in the middle section of plants at positions 

one and two. During week four, the most fifth instars were on bolls in the middle section of 

plants at positions one and two. Compared to that combination of plant section and cotton 

structure, fewer fifth instars were on bolls in the lower section of plants at positions one and two, 

on bolls in the middle section of plants at positions three, four, and five, and on bolls in the top 

section of plants at positions one and two. During week five, the most fifth instars were on bolls 

in the middle section of plants at positions one and two. Compared to that combination of plant 

section and cotton structure, fewer fifth instars were on bolls on the lower section of plants at 

positions three, four, and five and on bolls in the middle section of plants at positions three, four, 

and five.  
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Discussion 

Bollworms prefer to oviposit on leaves, with the highest concentration of eggs deposited 

on main stem leaves near terminals. However, many eggs are laid lower within the canopy on 

leaves away from the stem at positions one to five, as well as on bracts of fruiting structures 

within this section of the plant. Larval bollworms begin feeding mostly on squares as first 

instars, and move to bolls as they mature (Farrar and Bradley 1985b), but we observed two 

distinct establishment patterns of first instars. They were found more frequently on squares in 

2016, but on bolls during 2017, which seemed to coincide with oviposition location which 

differed between the years (Braswell 2018). Older larvae were found almost exclusively on bolls 

in the lower and middle sections of the plant, but moved outwards on the branches during later 

sampling dates. In general, changes in nitrogen fertilization or irrigation of cotton has little 

impact on bollworm ovipositional or larval preference for cotton structures, which was 

surprising, given differences between plants within different treatment plots. 

Nitrogen increased petiole nitrate and proportional chlorophyll content, while irrigation 

increased the height of cotton plants, creating stark differences in plant physiology. Increased 

fruit production occurs under increased nitrogen fertilization, although fruiting may be reduced 

as vegetative growth increases when nitrogen is applied above 80-100 kg ha-1 (Boquet and 

Brietenbeck 2000). Because of the increased fruiting structures associated with increased yield, 

we expected higher oviposition on fruiting structures in cotton receiving 76 and 152 kg ha-1 

nitrogen, and more oviposition to occur on leaves lower in the canopy of cotton receiving 152 kg 

ha-1 nitrogen, as vegetative growth increased. We observed more eggs on leaves throughout the 

canopy of cotton receiving both 76 and 152 kg ha-1 nitrogen during 2016, and more eggs on 

leaves in the top section of irrigated plants, compared to the top section of non-irrigated plants in 
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2017. Although trends are inconsistent between years, in cases when changes were observed, 

they could be explained by the plant vigor hypothesis (Price 1991), as moths preferred more 

vigorous, or lush, cotton for oviposition. Previous research has linked increased oviposition 

following irrigation to the nectar production which occurs from irrigation (Slosser 1980). 

Bollworm moths feed on nectar (Fitt 1989), and in other heliothines, nectar increases oviposition 

rate (Song et al. 2007). If flower nectar is attracting moths, and the portion of the canopy where 

flowers are located coincides with the optimal location of larval feeding due to prevalence of 

bolls and squares, we would have expected more eggs on flowers, bracts of flowers, or leaves 

near flowering location in irrigated cotton. Oviposition was higher in the lower portion of the 

canopy when cotton was flowering in this area, but egg distribution was not linked to irrigation 

(Braswell 2018). Regardless of irrigation, leaves in the top section of cotton plants were the 

preferred ovipositional structure and location, with only minor proportional differences occurring 

among irrigated or non-irrigated cotton, plant sections, and cotton structures.  

Leaf material makes up a large portion of the dry matter within cotton plants (Basset et 

al. 1970, Mullins and Burmester 1990, Bouquet and Breitenbeck 2000). Leaves in all sections of 

the plant were locations of high egg deposition throughout our sampling period. Previous 

research has not attempted to report weekly differences in oviposition location (Farrar and 

Bradley 1985b, Torres and Ruberson 2006), but not without reason. For example, Farrar and 

Bradley (1985b) claimed that there was no need to examine weekly differences in oviposition 

because in North Carolina, bollworm oviposition is often limited to a single week that 

contributes larvae (Stinner et al. 1974), and it would not affect a management decision to 

distinguish among weeks. However, we sampled multiple weeks of significant ovipositional 

events that led to larval establishment. Moreover, we discovered that the ovipositional location 
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of eggs differed over time, both vertically and across the cotton structure. Bollworm moths have 

more options where they can deposit eggs lower in the canopy. More structures, including 

leaves, bracts, flowers, and bolls, occur in the middle and lower section of plants than the top, 

and moths oviposit on all of these structures, diluting the number of eggs on any particular 

structure. The terminal, or top third of the plant, consists of fewer cotton structures, fewer 

positions, and a more limited area for oviposition. The top third of the canopy also experiences 

higher oviposition in later weeks when flowering reaches the terminal, but larval establishment 

does not occur during these weeks (Braswell 2018). When moths oviposit in the top third of 

cotton plants, there are fewer structures for them to oviposit on relative to the middle of the 

plant; thus, leaves within the terminal of the plant had the most eggs. Extension entomologists 

are now recommending an egg threshold when scouting two-toxin Bt cotton (Reisig 2018), and 

understanding the location and structures where one is most likely to find eggs at a given time is 

important. Expanding upon this research by calculating the time required to scout certain 

portions of a plant and calculating the percentage of eggs encountered by scouting those different 

portions would help refine these egg threshold recommendations for Bt cotton. Research directed 

towards understanding how moths select structures for oviposition would therefore be beneficial. 

First instar bollworms were located on cotton fruiting structures in areas close to where 

eggs were deposited, and we observed them actively feeding on these structures. In 2016, this 

was mostly within the top and middle section of the canopy, while in 2017, more first instars 

were found lower in the canopy (Braswell 2018). During 2016, first instars were located almost 

exclusively on squares in the top and middle section of the canopy at positions one and two. 

However, first instars were much more likely to be feeding on bolls during 2017, even though 

cotton maturity was similar between the two years. First instar larvae feeding location is known 
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to vary (Mistric 1964, Farrar and Bradley 1985b). We hypothesize that the differences between 

years in our study was due to the oviposition, which was lower within the canopy during 2017. 

This resulted in newly eclosed first instars that were in closer vicinity to bolls, and were more 

likely to encounter bolls earlier in their search for a feeding site. First instars may have an 

advantage if they feed on bolls initially. They are commonly found under dried flower corollas 

(Farrar and Bradley 1984), which could conceal them from insecticide or predators. Bolls also 

have higher nutrient concentrations than what is found within squares (Rochester et al. 2012), 

which could give first instars on bolls a nutritional advantage by increasing early nitrogen intake, 

which is often a limiting factor in development (Mattson 1980). However, there is a point where 

first instars are unable to penetrate bolls (Bagwell 1994), and this would result in increasing 

square infestation. Second instars were located on similar structures and positions as first instars, 

with a majority located on squares throughout the plant in 2016, and more located on bolls 

during 2017.   

Third instar and older bollworm larvae were located on bolls almost exclusively, which 

corroborates previous research (Wilson et al. 1980, Farrar and Bradley 1985b). During earlier 

weeks, older larvae were more likely to be found close to the stem on positions one and two, but 

were found on outer positions three to five, in later weeks. Over the course of a bollworm larval 

lifecycle, each can consume up to 17 fruiting structures (Wilson and Gutierrez 1980). It is 

possible that by later weeks in the older larvae’s lifecycle they had consumed a majority of bolls 

close to the stem, and had moved to outer position bolls to continue feeding. Also, bolls become 

more resistant to penetration from bollworm at >350 accumulated heat units (Bagwell 1994), 

which equates to approximately fully enlarged bolls (Ritchie et al. 2007). Fifth instar larvae can 

penetrate nearly-mature bolls with >800 accumulated heat units, so bolls are never completely 
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resistant to injury (Stewart and Sterling 1989, Gore et al. 2000). However, the bolls which 

developed earliest, lower in the canopy and close to the main stem may have been less desirable 

for larvae by later sampling dates, and were avoided in favor of newer bolls farther out on 

branches. Bolls contain concentrations of nutrients that are important for bollworm development 

in quantities that are not found elsewhere in the plant (Rochester et al. 2012, Deans et al. 2016b). 

In the case of Cry1Ac and Cry1F Bt proteins, neither accumulates in older bolls within a plant 

where older bollworm are feeding (Greenplate 1999, Siebert et al. 2009). Insects have the ability 

to feed preferentially within a plant to optimize their nutrition and to avoid toxins (Reese 1981, 

Behmer 2009). If bollworm larvae are optimizing their nutrition by feeding on bolls, they may be 

reducing their susceptibility to Bt toxins, based on research looking at the impact of diet 

optimization on Bt susceptibility (Deans et al. 2017). Since we found larvae of all stages feeding 

on bolls and neither Cry1Ac nor Cry1F expression is relatively high in these tissues, larvae 

feeding on bolls will have optimized nutrition, conferring decreased susceptibility to Bt, and they 

may be encountering lower concentrations of Bt toxin. This combination of factors could 

eventually result in behavioral resistance to Bt toxin. Thus, it is essential that Bt expression is 

maximized in these tissues where bollworm prefer to feed as larvae grow older, and that the Bt 

expression levels are maintained season long. 

The first two positions of cotton branches are responsible for between 82 and 96 percent 

of yield within a cotton plant (Ritchie et al. 2007). The primary location of older instar larvae 

feeding on bolls reiterates the necessity of controlling bollworm larvae before they reach older 

stages and can greatly reduce yield. In addition, older larvae are located almost exclusively 

within bolls, protected by the boll wall where contact insecticides may not reach them. Larval 

thresholds for Bt cotton place an emphasis on second instar larvae (Reisig 2018). The rationale 
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for this is that tobacco budworms may be present as newly eclosed first instars, but it is unlikely 

that tobacco budworms will survive to second instar (MacIntosh et al. 1990, Blanco et al. 2009). 

Thus, only bollworms would be present in the field as second instars. However, problems may 

arise if first and second instars are entering bolls and feeding under dried flower corollas (bloom 

tags; Farrar and Bradley 1984). If the trend we observed in 2017 of younger larvae being found 

more frequently on bolls is frequent, contact insecticides could become less effective due to the 

inability to contact even the young larvae that are feeding within bolls and under bloom tags. The 

larvae we found on squares were generally feeding on the exterior of the calyx located within the 

bracts, which may still allow for insecticidal contact. The larvae we found feeding on bolls were 

generally within the boll feeding on the interior tissue. Scouting using a larval threshold may 

cause additional problems if fields are not monitored for extended periods, greater than a week, 

as larvae can complete development in 18 days (Neunzig 1969). During that time, larvae may 

eclose, reach third instar, and be found almost exclusively within bolls. This possibility provides 

further merit for egg thresholds and systemic insecticides in two-toxin Bt cotton, where larval 

survival is more likely (Braswell 2018, Reisig et al. 2018). 

Bollworm behavior is highly variable under field and experimental conditions 

(Quaintenance and Brues 1905, Mistric 1964, Farrar and Bradley 1985b) without including 

factors that change plant physiology like fertility and irrigation; therefore, it is not surprising that 

we did not observe strong effects from our treatments, and continued research may be needed to 

identify plant physiological effects on bollworm oviposition and larval cotton structure 

preference. Eggs and older bollworm larvae can be found more consistently on the same 

structures in the same areas as young younger larvae; most eggs were oviposited on leaves in the 

top of the plant, and older larvae were located on bolls in the middle of plants, regardless of 
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nitrogen or irrigation. Unfortunately, the oviposition that we observed lower in the canopy may 

be predisposing larvae to initiate feeding on bolls earlier in their life which may positively 

influence nutrition (Bouquet and Breitenbeck 2000), while protecting them from contact 

insecticides; furthermore, the location of older bollworm larvae may be leading to instances of 

behavioral resistance by optimizing their nutrition on structures of lower Bt concentration (Deans 

et al. 2017). Further research efforts to understand patterns or changes in younger larvae feeding 

location throughout cotton plants could benefit researchers, extension personnel, and those 

scouting for bollworm larvae. Additionally, continued research into oviposition patterns, and 

how they are affected by plant physiology will be beneficial as egg threshold recommendations 

are refined. 
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Table 2.1 Bollworm egg and larvae percent per structure and total per section and year.  
   

 
 % bollworm on each structure 

  

Stage  Year  Section  Bolls Bracts Flowers Leaves Squares Stems 

Section 

total 

Year 

total 

Eggs  2016  Top  0.3 7.0 0.8 27.0 0.0 3.0 415 1087  
   Middle  1.3 12.0 1.5 25.9 0.1 5.9 511 

 

 
   Bottom  0.8 5.1 0.1 7.7 0.0 1.1 161 

 

               
 2017  Top  0.1 8.1 0.4 38.1 0.0 3.0 685 1377  
   Middle  0.5 7.9 1.0 22.4 0.0 1.5 459 

 

 
   Bottom  0.6 4.4 0.7 10.7 0.0 0.6 233 

 

 
   

 
 

        

First  2016  Top  0.0 3.7 0.6 0.6 41.9 0.6 153 322 

Instars    Middle  7.5 4.0 2.9 1.6 21.7 0.0 126 
 

 
   Bottom  3.7 0.6 0.3 0.6 8.1 0.0 43 

 

               
 2017  Top  1.4 1.4 1.0 5.6 18.2 0.4 136 483  
   Middle  18.2 3.1 5.4 4.3 10.8 0.0 202 

 

 
   Bottom  15.7 0.8 3.5 2.9 7.0 0.0 145 

 

 
   

 
 

        

Second  2016  Top  2.8 0.8 0.8 0.8 26.0 0.0 78 250 

Instars    Middle  22.4 0.4 5.4 0.0 14.4 0.4 109 
 

 
   Bottom  15.2 0.0 2.4 0.4 7.2 0.0 63 

 

               
 2017  Top  3.2 0.7 4.0 1.4 9.0 0.0 51 278  
   Middle  28.1 0.4 9.7 3.6 6.8 0.7 137 

 

 
   Bottom  23.4 0.0 2.2 1.8 4.7 0.4 90 

 

 
   

 
 

        

Third  2016  Top  2.8 0.0 1.7 0.6 9.0 0.6 26 178 

Instars    Middle  36.5 0.0 8.2 1.1 11.2 0.0 103 
 

 
   Bottom  23.0 0.0 0.6 0.0 3.4 0.6 49 

 

               
 2017  Top  6.7 0.0 3.1 0.0 5.1 0.0 29 195  
   Middle  41.0 0.0 3.1 1.0 9.7 0.0 107 

 

 
   Bottom  24.1 0.0 3.1 0.0 3.1 0.0 59 

 

 
   

 
 

        

Fourth  2016  Top  3.9 0.0 0.0 0.8 3.1 0.8 11 129 

Instars    Middle  46.5 0.0 4.3 1.6 7.0 0.0 77 
 

 
   Bottom  28.7 0.0 3.1 0.0 0.0 0.0 41 

 

               
 2017  Top  7.9 0.0 3.6 0.0 3.6 0.0 21 140  
   Middle  47.1 0.0 7.9 2.1 2.1 0.0 83 

 

 
   Bottom  22.9 0.0 2.1 0.0 0.7 0.0 36 

 

 
   

 
 

        

Fifth  2016  Top  2.9 0.0 1.2 0.0 1.8 0.0 10 171 

Instars    Middle  48.0 0.0 1.7 0.6 1.8 0.6 89 
 

 
   Bottom  40.4 0.0 1.2 0.6 0.0 0.0 72 

 

               
 2017  Top  5.1 0.0 1.7 0.0 1.7 0.0 10 117 

    Middle  56.4 0.0 4.3 0.9 3.4 0.9 77 
 

 
   Bottom  24.8 0.0 0.9 0.0 0.0 0.0 30 
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Table 2.2 2016 weekly bollworm oviposition by plant section, position, and cotton structure. Mean bollworm egg numbers on particular plant section, position, and cotton 

structure combination per 10-20 plants. Only weeks that were significant when the interaction of date, plant section, position, and cotton structure was partitioned by date are 

presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant nodes were partitioned 

into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off cotton physiology. 

Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 

Sectiona Positionb Structure Week 1 Week 3 Week 4 Week 6 Week 7 Week 8 

Top Zero Leaves 4.13±0.62a 0.71±0.2abc 0.29±0.13bc 2.0±0.87ab 1.0±0.24a 1.46±0.35a 

  Stems 0.46±0.13def 0.08±0.06ef 0.08±0.06c 0.13±0.07f 0.38±0.2cd 0.08±0.06def 

 One and Two Leaves 0.5±0.17def 0±0.00f 0.04±0.04c 0.13±0.09f 0.46±0.17bcd 0.79±0.22bc 

  Bracts 0.88±0.25bcd 0.08±0.08c-f 0±0.00c 0.83±0.27b-e 0.63±0.21abc 0.17±0.08def 

  Squares 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0±0.00f 0±0.00c 0.04±0.04f 0.46±0.17bcd 0.04±0.04f 

  Bolls 0±0.00f 0±0.00f 0±0.00c 0.04±0.04f 0±0.00d 0.04±0.04f 

  Stems 0.04±0.04f 0±0.00f 0±0.00c 0±0.00f 0.04±0.04d 0±0.00f 

 Three- Five Leaves 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0.13±0.07def 

  Bracts 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0.08±0.06d 0.04±0.04ef 

  Squares 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Bolls 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0.04±0.04f 

  Stems 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

Middle Zero Leaves 0.25±0.21ef 0.88±0.33ab 0.25±0.11bc 1.83±0.52a 0.58±0.19abc 0.58±0.18cd 

  Stems 0.17±0.1ef 0.25±0.09c-f 0.58±0.22ab 0.25±0.09def 0.29±0.14cd 0.29±0.09def 

 One and Two Leaves 1.21±0.25b 0.92±0.54a-d 0.29±0.11bc 0.75±0.22bcd 0.79±0.22ab 1.08±0.22ab 

  Bracts 0.63±0.19cde 1.25±0.34a 0.75±0.26a 0.96±0.42abc 0.25±0.09cd 0.42±0.12c-f 

  Squares 0±0.00f 0±0.00f 0±0.00c 0.04±0.04f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0.67±0.54b-f 0±0.00c 0.04±0.04f 0.08±0.08d 0±0.00f 

  Bolls 0±0.00f 0±0.00f 0±0.00c 0.29±0.13def 0.17±0.08cd 0.04±0.04f 

  Stems 0.08±0.06f 0.04±0.04f 0.04±0.04c 0.13±0.07f 0.17±0.08cd 0.04±0.04ef 

 Three- Five Leaves 0.33±0.1def 0.21±0.08c-f 0.13±0.07c 0.25±0.11def 0.21±0.1cd 0.46±0.21cde 

  Bracts 0.08±0.06f 0.08±0.06ef 0±0.00c 0.54±0.42c-f 0.13±0.09d 0.08±0.06def 

  Squares 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0.04±0.04d 0±0.00f 

  Bolls 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0.04±0.04f 

  Stems 0.13±0.07ef 0±0.00f 0±0.00c 0.04±0.04f 0.08±0.06d 0.04±0.04ef 
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Table 2.2 (continued) 

Sectiona Positionb Structure 1 3 4 6 7 8 

Bottom Zero Leaves 0±0.00f 0±0.00f 0.08±0.08c 0.04±0.04f 0±0.00d 0±0.00f 

  Stems 0.04±0.04ef 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0.04±0.04ef 

 One and Two Leaves 0.29±0.09def 0.17±0.08def 0.04±0.04c 0.17±0.08ef 0.08±0.06d 0.17±0.08def 

  Bracts 0±0.00f 0.5±0.18b-f 0.04±0.04c 0±0.00f 0.08±0.06d 0.17±0.08def 

  Squares 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0.04±0.04f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Bolls 0±0.00f 0.04±0.04f 0±0.00c 0.08±0.06f 0.08±0.06d 0.04±0.04f 

  Stems 0.04±0.04f 0.04±0.04f 0±0.00c 0.04±0.04f 0±0.00d 0.04±0.04ef 

Bottom Three- Five Leaves 1.13±0.35bc 0.54±0.18a-e 0.08±0.06c 0.08±0.06f 0.13±0.07d 0.13±0.07def 

  Bracts 0.13±0.09ef 0.38±0.12b-f 0.17±0.08bc 0.29±0.11c-f 0.04±0.04d 0.21±0.1def 

  Squares 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Flowers 0±0.00f 0±0.00f 0±0.00c 0±0.00f 0±0.00d 0±0.00f 

  Bolls 0±0.00f 0±0.00f 0±0.00c 0.04±0.04f 0.04±0.04d 0±0.00f 

  Stems 0.13±0.07ef 0.04±0.04f 0±0.00c 0.04±0.04f 0±0.00d 0±0.00f 
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Table 2.3 2017 weekly bollworm oviposition by plant section, position, and cotton structure. Mean bollworm egg numbers on particular plant section, position, and cotton 

structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was partitioned by date are 

presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant nodes were partitioned 

into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off cotton physiology. 

Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 

Sectiona Positionb Structure Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Top Zero Leaves 3.79±0.7a 4.83±0.83a 0.88±0.15a 1.04±0.25a 0.42±0.12a 3.17±0.63a 

  Stems 0.79±0.29e-j 0.13±0.09fg 0±0.00e 0±0.00d 0.13±0.13b 0.38±0.12de 

 One and  Leaves 2.29±0.51b 1.63±0.3b 0.21±0.08cde 0.25±0.09bc 0.54±0.23a 2.21±0.65b 

 Two Bract- Square 1.17±0.26cde 0.96±0.24bcd 0.21±0.08cde 0.04±0.04cd 0.13±0.09b 0.38±0.21de 

  Bract- Flower 0±0.00k 0.04±0.04fg 0.04±0.04de 0.21±0.05cd 0±0.00b 0.29±0.29e 

  Bract- Boll 0±0.00k 0.04±0.04fg 0±0.00e 0.08±0.08cd 0±0.00b 0.79±0.27cd 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0±0.00k 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0.17±0.08e 

  Boll 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0.04±0.04b 0.04±0.04e 

  Stems 0.21±0.13ijk 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

 Three-  Leaves 0±0.00k 0.42±0.23efg 0±0.00e 0.08±0.06cd 0.04±0.04b 0.08±0.06e 

 Five Bract- Square 0.13±0.09jk 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0.13±0.13e 

  Bract- Flower 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Bract- Boll 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Boll 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Stems 0±0.00k 0.08±0.08fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

Middle Zero Leaves 1.75±0.28bc 1.38±0.18b 0.29±0.11bc 0.42±0.13b 0±0.00b 0.42±0.25de 

  Stems 0.25±0.12ijk 0.04±0.04fg 0.04±0.04de 0.04±0.04cd 0±0.00b 0.04±0.04e 

 One and  Leaves 2.33±0.34ab 1.88±0.44b 0.5±0.13b 0.54±0.18b 0.5±0.19a 1.08±0.25c 

 Two Bract- Square 0.92±0.21d-h 0.63±0.34d-g 0.13±0.07cde 0±0.00d 0±0.00b 0.04±0.04e 

  Bract- Flower 0.46±0.2g-k 0.21±0.1efg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Bract- Boll 0.42±0.12f-k 0.42±0.16d-g 0.04±0.04de 0.08±0.06cd 0.04±0.04b 0.08±0.06de 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0.33±0.17ijk 0.21±0.1efg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Boll 0.08±0.06k 0.13±0.07fg 0.08±0.06cde 0±0.00d 0±0.00b 0±0.00e 

  Stems 0.21±0.1ijk 0±0.00g 0.09±0.06cde 0±0.00d 0±0.00b 0±0.00e 

 Three-  Leaves 0.83±0.27e-i 0.46±0.13def 0.29±0.14bcd 0.04±0.04cd 0.08±0.06b 0±0.00e 

 Five Bract- Square 0.42±0.16g-k 0.17±0.08fg 0.04±0.04de 0.04±0.04cd 0±0.00b 0±0.00e 

  Bract- Flower 0.04±0.04k 0±0.00g 0.04±0.04de 0±0.00d 0±0.00b 0±0.00e 

  Bract- Boll 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0±0.00k 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Boll 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Stems 0.08±0.06k 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 
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Table 2.3 (continued) 

Sectiona Positionb Structure Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Bottom Zero Leaves 0.17±0.13jk 0.17±0.1fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Stems 0±0.00k 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

 One and  Leaves 0.96±0.23d-g 0.75±0.24cde 0.08±0.08cde 0±0.00d 0±0.00b 0.08±0.06e 

 Two Bract- Square 0.29±0.11h-k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Bract- Flower 0.17±0.1jk 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Bract- Boll 1.04±0.22c-f 0.21±0.1efg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0.29±0.18ijk 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Boll 0.08±0.06k 0.13±0.09fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Stems 0.04±0.04k 0.04±0.04fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

 Three-  Leaves 1.96±0.45bcd 1.29±0.31bc 0.17±0.08cde 0±0.00d 0.17±0.08b 0.38±0.16de 

 Five Bract- Square 0.38±0.1f-k 0.17±0.13fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Bract- Flower 0.04±0.04k 0±0.00g 0.08±0.06cde 0±0.00d 0±0.00b 0±0.00e 

  Bract- Boll 0±0.00k 0.08±0.06fg 0±0.00e 0±0.00d 0±0.00b 0.04±0.04e 

  Square 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0±0.00e 

  Flower 0±0.00k 0±0.00g 0±0.00e 0±0.00d 0±0.00b 0.04±0.04e 

  Boll 0±0.00k 0±0.00g 0.04±0.04de 0.04±0.04cd 0±0.00b 0.04±0.04e 

  Stems 0.13±0.07jk 0.08±0.08fg 0±0.00e 0±0.00d 0±0.00b 0±0.00e 
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Table 2.4 2016 and 2017 weekly first instar location by plant section, position, and cotton structure. Mean bollworm first instar numbers on particular plant section, position, 

and cotton structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was partitioned by 

date are presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant nodes were 

partitioned into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off cotton 

physiology. Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 
   2016 2017 

Sectiona Positionb Structure Week 2 Week 3 Week 1 Week 2 Week 3 

Top Zero Leaf 0±0.00e 0±0.00b 0.29±0.13c-g 0.33±0.12bcd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0.04±0.04de 

 One and Two Bolls 0±0.00e 0±0.00b 0±0.00g 0.04±0.04d 0.04±0.04de 

  Squares 4.25±.4a 0.96±0.18a 1.67±0.39a 1.46±0.31a 0.29±0.11bc 

  Flowers 0±0.00e 0±0.00b 0±0.00g 0.17±0.08bcd 0.04±0.04de 

  Bracts 0.33±0.13cde 0.13±0.07b - - - 

  Bract-Square - - 0.08±0.06efg 0.13±0.07cd 0±0.00e 

  Bract-Flower - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Boll - - 0±0.00g 0.04±.04d 0±0.00e 

  Leaf 0.04±0.04e 0±0.00b 0.08±0.06efg 0.42±0.16bcd 0±0.00e 

  Stem 0.08±0.06e 0±0.00b 0±0.00g 0±0.00d 0.04±0.04de 

 Three- Five Bolls 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

  Squares 0.13±0.07e 0±0.00b 0.08±0.06efg 0.13±0.07cd 0±0.00e 

  Flowers 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

  Bracts 0.04±0.04e 0±0.00b - - - 

  Bract-Square - - 0±0.00g 0.04±0.04d 0±0.00e 

  Bract-Flower - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Boll - - 0±0.00g 0±0.00d 0±0.00e 

  Leaf 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

Middle Zero Leaf 0±0.00e 0±0.00b 0.08±0.06efg 0.04±0.04d 0.08±0.06cde 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

 One and Two Bolls 0.38±0.12cde 0.21±0.01b 0.46±0.18b-e 2.04±0.29a 1±0.22a 

  Squares 1.13±0.25b 0.88±0.2a 0.67±0.2bc 0.38±0.13bcd 0.38±0.16b 

  Flowers 0.46±0.2cde 0.13±0.07b 0.25±0.12d-g 0.5±0.16bc 0.25±0.09bcd 

  Bracts 0.25±0.09de 0.08±0.06 - - - 

  Bract-Square - - 0.21±0.1d-g 0.08±0.06cd 0±0.00e 

  Bract-Flower - - 0.04±0.04fg 0.04±.04d 0±0.00e 

  Bract-Boll - - 0.04±0.04fg 0.17±0.1cd 0±0.00e 

  Leaf 0.08±0.06 0.08±0.08b 0.08±0.06efg 0.33±0.1bcd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 
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Table 2.4 (Continued) 
   2016 2017 

Sectiona Positionb  2 3 1 2 3 

Middle Three- Five Bolls 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

  Squares 0.67±0.17cd 0±0.00b 0.33±0.1b-f 0.38±0.18bcd 0±0.00e 

  Flowers 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0.08±0.06cde 

  Bracts 0.17±0.1e 0±0.00b - - - 

  Bract-Square - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Flower - - 0±0.00g 0.04±.04d 0±0.00e 

  Bract-Boll - - 0±0.00g 0±0.00d 0±0.00e 

  Leaf 0±0.00e 0±0.00b 0.13±0.07d-g 0.08±0.06cd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

Bottom Zero Leaf 0±0.00e 0±0.00b 0±0.00g 0.08±0.06cd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

 One and Two Bolls 0.17±0.08e 0.17±0.08b 0.75±0.19b 1.58±0.31a 0.38±0.16b 

  Squares 0.04±0.04e 0.13±0.09b 0.13±0.07d-g 0.04±0.04d 0.04±0.04de 

  Flowers 0±0.00e 0±0.00b 0.13±0.07d-g 0.38±0.12bcd 0±0.00e 

  Bracts 0±0.00e 0±0.00b - - - 

  Bract-Square - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Flower - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Boll - - 0±0.00g 0.04±0.04d 0±0.00e 

  Leaf 0±0.00e 0±0.00b 0.04±0.04fg 0.13±0.07cd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 

 Three- Five Bolls 0±0.00e 0±0.00b 0±0.00g 0.29±0.11bcd 0.17±0.08b-e 

  Squares 0.75±0.15bc 0.17±0.08b 0.58±0.26bcd 0.58±0.16b 0.04±0.04de 

  Flowers 0±0.00e 0±0.00b 0±0.00g 0.17±0.08bcd 0.04±0.04de 

  Bracts 0±0.00e 0±0.00b - - - 

  Bract-Square - - 0.08±0.06efg 0.04±.04d 0±0.00e 

  Bract-Flower - - 0±0.00g 0±0.00d 0±0.00e 

  Bract-Boll - - 0±0.00g 0±0.00d 0±0.00e 

  Leaf 0.04±0.04e 0±0.00b 0.08±0.06efg 0.21±0.1bcd 0±0.00e 

  Stem 0±0.00e 0±0.00b 0±0.00g 0±0.00d 0±0.00e 
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Table 2.5 2016 and 2017 weekly second instar location by plant section, position, and cotton structure. Mean bollworm second instar numbers on particular plant section, 

position, and cotton structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was 

partitioned by date are presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05).  a Plant 

nodes were partitioned into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off 

cotton physiology. Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 

   2016 2017 

Sectiona Positionb  Week 2 Week 3 Week 4 Week 5 Week 2 Week 3 Week 4 

Top Zero Leaf 0±0.00b 0±0.00e 0±0.00e 0.04±0.04bc 0.08±0.06 0±0.00e 0.08±0.06bcd 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

 One and Two Bolls 0±0.00b 0±0.00e 0.04±0.04de 0.17±0.08bc 0±0.00b 0.13±0.09de 0.17±0.08bcd 

  Squares 0.83±0.23a 0.83±0.21a 0.29±0.09b 0.71±0.2a 0.42±0.12a 0.33±0.12cd 0.25±0.14bc 

  Flowers 0.04±0.04b 0±0.00e 0±0.00e 0.04±0.04bc 0.08±0.06b 0.21±0.12cde 0.13±0.07bcd 

  Bracts 0.08±0.08b 0±0.00e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

  Leaf 0±0.00b 0.04±0.04e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

 Three- Five Bolls 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Squares 0±0.00b 0.04±0.04e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Flowers 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Bracts 0±0.00b 0±0.00e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

Middle Zero Leaf 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0.08±0.06b 0.08±0.06 0±0.00d 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

 One and Two Bolls 0.04±0.04b 0.21±0.08b-e 0.96±0.19a 0.83±0.2a 0.46±0.12a 1.75±0.24a 0.75±0.18a 

  Squares 0.13±0.09b 0.5±0.15ab 0.25±0.09bc 0.17±0.08bc 0.08±0.06b 0.29±0.14cde 0.08±0.06bcd 

  Flowers 0.04±0.04b 0.42±0.15bcd 0.08±0.06cde 0.04±0.04bc 0.42±0.12a 0.29±0.14cde 0.13±0.07bcd 

  Bracts 0±0.00b 0.04±0.04e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

  Leaf 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0.13±0.07b 0.04±0.04e 0.04±0.04cd 

  Stem 0±0.00b 0±0.00e 0±0.00e 0.04±0.04bc 0±0.00b 0±0.00e 0±0.00d 
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Table 2.5 (continued) 

   2016 2017 

Sectiona Positionb Structure Week 2 Week 3 Week 4 Week 5 Week 2 Week 3 Week 4 

Middle Three- Five Bolls 0±0.00b 0±0.00e 0±0.00e 0.17±0.08bc 0.04±0.04b 0.04±0.04e 0.08±0.06bcd 

  Squares 0.17±0.08b 0.13±0.07de 0.08±0.06cde 0.08±0.06bc 0.17±0.08b 0.13±0.07de 0±0.00d 

  Flowers 0±0.00b 0±0.00e 0±0.00e 0.04±0.04bc 0.04±0.04b 0.17±0.08cde 0±0.00d 

  Bracts 0±0.00b 0±0.00e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0.04±0.04cd 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

Bottom Zero Leaf 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0.04±0.04cd 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

 One and Two Bolls 0±0.00b 0.21±0.1cde 0.13±0.07b-e 0.29±0.11b 0.71±0.21a 0.71±0.2b 0.13±0.07bcd 

  Squares 0.08±0.06b 0.08±0.06e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Flowers 0±0.00b 0.17±0.08cde 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

  Bracts 0±0.00b 0±0.00e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

  Leaf 0±0.00b 0.04±0.04e 0±0.00e 0±0.00c 0.04±0.04b 0.04±0.04e 0.04±0.04cd 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 

 Three- Five Bolls 0±0.00b 0±0.00e 0.21±0.1bcd 0.63±0.13a 0.17±0.08b 0.46±0.16bc 0.25±0.09b 

  Squares 0.13±0.07b 0.42±0.13bc 0±0.00e 0.04±0.04bc 0±0.00b 0.46±0.13bc 0.04±0.04cd 

  Flowers 0±0.00b 0.04±0.04e 0.04±0.04de 0±0.00c 0.13±0.07b 0.13±0.07de 0±0.00d 

  Bracts 0±0.00b 0±0.00e 0±0.00e 0±0.00c - - - 

  Bract-Square - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Flower - - - - 0±0.00b 0±0.00e 0±0.00d 

  Bract-Boll - - - - 0±0.00b 0±0.00e 0±0.00d 

  Leaf 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0.04±0.04b 0±0.00e 0±0.00d 

  Stem 0±0.00b 0±0.00e 0±0.00e 0±0.00c 0±0.00b 0±0.00e 0±0.00d 
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Table 2.6 2016 and 2017 weekly third instar location by plant section, position, and cotton structure. Mean bollworm third instar numbers on a particular plant section, 

position, and cotton structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was 

partitioned by date are presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant 

nodes were partitioned into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off 

cotton physiology. Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 

   2016 2017 

Sectiona Positionb Structure 3 4 5 6 3 4 5 

Top Zero Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

 One and Two Bolls 0±0.00d 0.04±0.04c 0.08±0.06bcd 0.08±0.06cd 0±0.00e 0.33±0.13b 0.13±0.09b 

  Squares 0.38±0.12a 0.08±0.06bc 0.13±0.07bcd 0±0.00d 0.13±0.07de 0.08±0.08cd 0.04±0.04b 

  Flowers 0±0.00d 0±0.00c 0.13±0.07bcd 0±0.00d 0.17±0.08de 0.08±0.06cd 0±0.00b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0.04±0.04cd 0±0.00e 0±0.00d 0±0.00b 

 Three- Five Bolls 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Squares 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0.08±0.06de 0±0.00d 0±0.00b 

  Flowers 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

Middle Zero Leaf 0±0.00d 0±0.00c 0.04±0.04cd 0±0.00d 0.04±0.04de 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

 One and Two Bolls 0.29±0.14abc 0.46±0.16a 1.13±0.23a 0.42±0.16a 1.08±0.18a 0.96±0.16a 0.42±0.13a 

  Squares 0.33±0.1a 0.21±0.13bc 0.08±0.06bcd 0±0.00d 0.33±0.16cd 0.13±0.09cd 0.04±0.04b 

  Flowers 0.33±0.13ab 0.13±0.07bc 0.08±0.06bcd 0.04±0.04cd 0.04±0.04de 0±0.00d 0±0.00b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0.04±0.04d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0.04±0.04cd 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

 

 

 

 

 

 



  92 

 

Table 2.6 (continued) 

   2016 2017 

Sectiona Positionb Structure 3 4 5 6 3 4 5 

Middle Three- Five Squares 0.08±0.06cd 0±0.00c 0.08±0.06bcd 0±0.00d 0.13±0.07de 0.08±0.06cd 0±0.00b 

  Flowers 0±0.00d 0±0.00c 0.08±0.06bcd 0±0.00d 0.13±0.07de 0±0.00d 0±0.00b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

Bottom Zero Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

Bottom One and 

Two 

Bolls 0.42±0.12a 0.25±0.09ab 0.25±0.11bc 0.08±0.06cd 0.54±0.13bc 0.21±0.08bc 0±0.00b 

  Squares 0±0.00d 0.04±0.04c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Flowers 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0.04±0.04 0±0.00e 0±0.00d 0±0.00b 

 Three- Five Bolls 0±0.00d 0.17±0.08bc 0.25±0.09b 0.25±0.09ab 0.67±0.17b 0.21±0.1bc 0±0.00b 

  Squares 0.13±0.07bcd 0.08±0.08c 0±0.00d 0±0.00d 0.13±0.09de 0.08±0.06cd 0±0.00b 

  Flowers 0.04±0.04d 0±0.00c 0±0.00d 0±0.00d 0.21±0.08de 0±0.00d 0.04±0.04b 

  Bracts 0±0.00d 0±0.00c 0±0.00d 0±0.00d - - - 

  Bract-Square - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Flower - - - - 0±0.00e 0±0.00d 0±0.00b 

  Bract-Boll - - - - 0±0.00e 0±0.00d 0±0.00b 

  Leaf 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 

  Stem 0±0.00d 0±0.00c 0±0.00d 0±0.00d 0±0.00e 0±0.00d 0±0.00b 
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Table 2.7 2016 and 2017 weekly fourth instar location by plant section, position, and cotton structure. Mean bollworm fourth instar numbers on a particular plant section, 

position, and cotton structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was 

partitioned by date are presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant 

nodes were partitioned into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off 

cotton physiology. Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 
   2016 2017 

Sectiona Positionb Structure 4 5 6 7 3 4 5 

Top Zero Leaf 0±0.00c 0±0.00c 0.04±0.04bc 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0.04±0.04c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

 One and Two Bolls 0±0.00c 0.04±0.04bc 0.13±0.07bc 0.04±0.04b 0.04±0.04d 0.33±0.12b 0.04±0.04c 

  Squares 0±0.00c 0.08±0.06bc 0.04±0.04bc 0±0.00b 0.08±0.06cd 0.13±0.07cd 0±0.00c 

  Flowers 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0.08±0.06cd 0.08±0.06cd 0.04±0.04c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

 Three- Five Bolls 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Squares 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Flowers 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

Middle Zero Leaf 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0.08±0.06cd 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

 One and Two Bolls 0.79±0.18a 0.67±0.18a 0.46±0.12a 0.29±0.14a 0.83±0.2a 1.25±0.3a 0.29±0.09a 

  Squares 0.13±0.09c 0.08±0.08bc 0.04±0.04bc 0±0.00b 0.04±0.04d 0.04±0.04d 0±0.00c 

  Flowers 0.13±0.07c 0±0.00c 0.04±0.04bc 0±0.00b 0.29±0.11b 0±0.00d 0±0.00c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c 0±0.00c 0±0.00c 0.04±0.04b 0.04±0.04d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 
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Table 2.7 (continued) 
   2016 2017 

Sectiona Positionb Structure 4 5 6 7 3 4 5 

Middle Three- Five Bolls 0±0.00c 0.04±0.04bc 0.08±0.06bc 0.04±0.04b 0.04±0.04d 0.13±0.07cd 0.13±0.07bc 

  Squares 0±0.00c 0±0.00c 0.04±0.04bc 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Flowers 0.04±0.04c 0±0.00c 0.04±0.04bc 0±0.00b 0.08±0.06cd 0.04±0.04d 0.04±0.04c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c 0±0.00c 0.04±0.04bc 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

Bottom Zero Leaf 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

 One and Two Bolls 0.54±0.18b 0.17±0.08b 0.17±0.08b 0±0.00b 0.25±0.11bc 0.25±0.09bc 0.13±0.09bc 

  Squares 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Flowers 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0.04±0.04d 0±0.00d 0±0.00c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c  0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

 Three- Five Bolls 0.17±0.08c 0.17±0.08b 0.17±0.1bc 0.04±0.04b 0.13±0.07bcd 0.25±0.09bc 0.21±0.08ab 

  Squares 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0.04±0.04d 0±0.00d 0±0.00c 

  Flowers 0.13±0.07c 0.04±0.04bc 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Bracts 0±0.00c 0±0.00c 0±0.00c 0±0.00b - - - 

  Bract-Square - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00d 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00d 0±0.00d 0±0.00c 

  Leaf 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 

  Stem 0±0.00c 0±0.00c 0±0.00c 0±0.00b 0±0.00d 0±0.00d 0±0.00c 
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Table 2.8 2016 and 2017 weekly fifth instar location by plant section, position, and cotton structure. Mean bollworm fifth instar numbers on a particular plant section, 

position, and cotton structure combination per 10-20 plants. Only weeks which were significant when the interaction of date, plant section, position, and cotton structure was 

partitioned by date are presented (α ≤ 0.05). Means within a column with similar letters are not different according to Tukey’s Honest Significant Difference test (α ≤ 0.05). a Plant 

nodes were partitioned into sections, by week, in order to accurately represent thirds of the plant during that particular week. b Positions along branches were grouped based off 

cotton physiology. Position zero is a non-fruiting position, while positions one and two account for majority of cotton yield. 
   2016 2017 

Sectiona Positionb Structure 4 5 6 7 3 4 5 

Top Zero Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

 One and Two Bolls 0±0.00b 0±0.00d 0.17±0.08c 0.04±0.04cd 0±0.00b 0.13±0.07bcd 0.13±0.07c 

  Squares 0±0.00b 0.04±0.04cd 0.04±0.04c 0±0.00d 0.04±0.04b 0.04±0.04cd 0±0.00c 

  Flowers 0±0.00b 0.08±0.06cd 0.04±0.04c 0±0.00d 0±0.00b 0.04±0.04cd 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

 Three- Five Bolls 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Squares 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Flowers 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0.04±0.04cd 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

Middle Zero Leaf 0±0.00b 0±0.00d 0.04±0.04c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0.04±0.04cd 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

 One and Two Bolls 1.38±0.23a 0.54±0.16a 1.0±0.16a 0.38±0.1a 0.38±0.17a 1.13±0.19a 0.75±0.18a 

  Squares 0±0.00b 0.04±0.04cd 0±0.00c 0±0.00d 0.04±0.04b 0±0.00d 0±0.00c 

  Flowers 0.08±0.06b 0±0.00d 0±0.00c 0±0.00d 0.13±0.13b 0.08±0.06cd 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0.04±0.04cd 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0.04±0.04cd 0±0.00c 
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Table 2.8 (continued) 
   2016 2017 

Sectiona Positionb Structure 4 5 6 7 3 4 5 

 Three- Five Bolls 0±0.00b 0±0.00d 0.08±0.06c 0.04±0.04cd 0±0.00b 0.21±0.1bc 0.29±0.09b 

  Squares 0±0.00b 0.04±0.04cd 0.04±0.04c 0±0.00d 0.08±0.06b 0.04±0.04cd 0±0.00c 

  Flowers 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

Bottom Zero Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

 One and Two Bolls 1.13±0.25a 0.21±0.08bc 0.13±0.07c 0.17±0.08b 0.33±0.13a 0.29±0.09b 0.08±0.08c 

  Squares 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Flowers 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

 Three- Five Bolls 0.13±0.07b 0.33±0.13b 0.67±0.14b 0.13±0.07bc 0±0.00b 0.08±0.06cd 0.29±0.09b 

  Squares 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Flowers 0.08±0.06b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0.04±0.04cd 0±0.00c 

  Bracts 0±0.00b 0±0.00d 0±0.00c 0±0.00d - - - 

  Bract-Square - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Flower - - - - 0±0.00b 0±0.00d 0±0.00c 

  Bract-Boll - - - - 0±0.00b 0±0.00d 0±0.00c 

  Leaf 0.04±0.04b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 

  Stem 0±0.00b 0±0.00d 0±0.00c 0±0.00d 0±0.00b 0±0.00d 0±0.00c 
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CHAPTER 3 

Bollworm, Helicoverpa zea Boddie (Lepidoptera: Noctuidae), populations within, and 

dispersing from, non-Bt and Bt pyramided cotton 

Lewis Braswell, Dominic Reisig, Clyde Sorenson, Guy Collins 

 

Abstract 

The bollworm (Helicoverpa zea Boddie) is a polyphagous insect pest that can cause 

economic losses in both non-Bt and Bt cotton. Bollworm larvae can modify their behavior in the 

presence of Bt. For example, larvae move away from terminals faster in single-toxin Bt cotton 

compared to non-Bt cotton, or avoid Bt treated diets. We set out to understand on-plant egg and 

larval bollworm population differences within, and larval dispersal away from, non-Bt and Bt 

pyramided toxin cotton. Small plot experiments were conducted in 2016 and 2017. Cotton plants 

were sampled weekly for bollworm eggs and larvae during late July and early August, and large 

sticky boards were placed between rows to capture larvae leaving the cotton plants. Bollworm 

adults preferred to oviposit in most Bt toxin pyramids compared to non-Bt cotton. Compared to 

Bt toxin pyramids, we found more first instars in non-Bt during one of 11 weeks, and more in 

Cry1Ac + Cry1F cotton, compared to other Bt toxin pyramids and non-Bt cotton, during one of 

11 weeks. Fewer first instars dispersed from non-Bt cotton than most Bt toxin pyramids in 2016, 

while first instar dispersal was similar for all cotton in 2017. More second through fifth instar 

larvae were found within, and dispersing from, non-Bt cotton, in most weeks compared to Bt 

toxin pyramids. Larval dispersal was correlated with on-plant numbers for all stages and most 

varieties, and dispersal rate was similar between non-Bt and all Bt toxin pyramids during reach 

stage. 
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Introduction 

The bollworm (Helicoverpa zea Boddie) is a serious economic pest of cotton (Gossypium 

hirsutum L.) throughout the Southern United States (Neunzig 1969, Fitt 1989). Bollworm 

populations develop their first yearly generation in North Carolina on weedy hosts and whorl 

stage corn (Zea mays L.) and the second generation on ear stage corn (Neunzig 1963, Kennedy 

and Storer 2000, Storer et al. 2001). The third generation develops on several crops including 

soybean (Glycine max L.), peanut (Arachis hypogaea L.) and cotton (Kennedy and Storer 2000). 

Larvae prefer to feed on fruiting structures of cotton, including squares and bolls, and can 

successfully establish on those structures regardless of where oviposition occurs within the plant 

(Farrar and Bradley 1985a, b). 

Cotton that expresses the Bacillus thuringiensis (Bt) endotoxin protein has been widely 

adopted since its release in 1996 and is now planted in most of the United States where cotton is 

grown (USDA NASS 2016). Tobacco budworm (Heliothis virescens F.) was the primary target 

of Bt cotton, but Bt cotton was also registered for control of bollworm (Macintosh et al. 1990, 

US EPA 1995). While bollworm was demonstrated to be less susceptible to the original Bt Cry 

toxin expressed in cotton (Cry1Ac) than tobacco budworm upon registration, widespread 

practical resistance to this toxin (Sivasupramaniam et al. 2008, Tabashnik et al. 2008, Carrière et 

al. 2010, Tabashnik et al. 2014, Reisig et al. 2018) and Cry2 toxins (Reisig et al. 2018) has now 

been documented.  

Bollworm behavior is different in Cry1Ac-expressing cotton compared to similar non-Bt 

varieties; for example, larvae in Cry1Ac cotton move away from terminals quicker than neonates 

in non-Bt cotton (Gore et al. 2002), although this behavior was not observed in a Cry1Ac + 

Cry1F cotton variety (Jackson et al. 2010). However, these studies were done by releasing lab-
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reared larvae, a procedure that could potentially influence their behavior. Simulated and actual 

contact by predators and parasitoids can change larval behavior, including increasing evasion 

behaviors (Schmidt 1974, Cornell et al. 1987, Gross 1993). While moving throughout a Bt cotton 

plant, bollworm larvae can choose among food sources with and without Bt. For example, when 

given an option, larvae are more likely to feed on non-Bt than Bt-treated diet (Gore et al. 2005). 

Such behavior could be explained by the optimal diet theory, where herbivores move in order to 

find food that does not have associated fitness costs (Sih and Christensen 2001). First instar 

bollworm show preference for potentially less harmful tissues, feeding preferentially on anthers 

within cotton squares, which have the lowest concentration of tannins of all parts of the square 

(Reese 1981, Reese et al. 1981). Moreover, while Bt-resistant Old World bollworm (Helicoverpa 

armigera Hübner) larvae do not move away from diet that has been treated with Bt protein, Bt-

susceptible Old World bollworm larvae are more likely to leave diet that has been treated with Bt 

protein, compared to untreated diet (Zalucki and Furlong 2017). In this instance, the behavioral 

response of susceptible individuals leaving Bt diet is an aversion to the Bt toxin as opposed to 

behavioral resistance (Zalucki and Furlong 2017). Research on bollworm and Old World 

bollworm (both Helicoverpa species) related to the theory of optimal foraging suggests that 

bollworm move away from plant structures, or entire plants, that express higher amounts of Bt 

toxins (Gore et al. 2001, Sih and Christensen 2001, Zalucki and Furlong 2017). 

All Bt cotton planted within the United States expresses two or more Bt toxins, known as 

a toxin pyramid, for resistance management (Roush 1998, Brévault et al. 2013, Carrière et al. 

2015), as well as improved efficacy over single toxin Bt cotton. Resistance management in Bt 

crops in the United States relies, in part, on larvae receiving a high dose of toxin, and in the case 

of pyramids with multiple Bt toxins, redundant killing (Huang et al. 2011, Brévault et al. 2013, 
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Carrière et al. 2015). Redundant killing is a term used to describe the effect of multiple toxins 

that can each individually kill susceptible insects, while also remaining effective in controlling 

those insects which may be resistant to some of the toxins within the pyramid (Huang et al. 2011, 

Brévault et al. 2013, Carrière et al. 2015). However, Bt cotton varieties can have different protein 

expression profiles. For example, Cry1Ac + Cry1F cotton has higher Cry1Ac expression in 

younger terminal leaf tissue and early in the season, while Cry1F expression increases in older 

leaves late in the growing season (Siebert et al. 2009). Moreover, cotton plants with the 

transgenic event MON531 (Bollgard, Monsanto Co., St. Louis, MO) have higher Cry1Ac 

expression in the terminal leaves than in the fruit or older leaves (Greenplate 1999). These 

varietal and trait differences create a mosaic of Bt expression in a field and across the landscape 

that can reduce the effectiveness of resistance management if larvae are able to preferentially 

feed on structures that have lower expression (Huang et al. 2011, Brévault et al. 2013). 

Interactions among insects for feeding resources are common across orders and feeding 

guilds, and vary in their level of response (Denno et al. 1995, Kaplan and Denno 2007). 

Interspecific competition increases as niches decrease and, as a result, competition between 

conspecifics can be significant (Ray and Hastings 1996, Kaplan and Denno 2007). For example, 

Spodoptera exigua Hübner caterpillar growth is negatively affected as larval density increases 

(Underwood 2010). Similarly, bollworm eggs are laid individually, and cannibalism among 

conspecifics is common (Fitt 1989, Chilcutt 2006), which could lead to intraspecific competition 

as density increases.  

Arthropod dispersal is critical for finding new resources by moving across the landscape. 

For example, upon eclosion, early instar Lepidoptera will crawl until they settle on a specific 

location to feed (Zalucki et al. 2002). Other Lepidoptera larvae may crawl off plants and across 



  101 

 

the ground in search of new food sources, or, in the case of field crops, crawl between plants 

(Ampong et al. 1994, Doak 2000). For example, bollworm have been recorded dispersing from 

soybean (Terry et al. 1989). An adaption for localized larval dispersal is drop-off silking, which 

is the use of silk to drop off of plants to lower tissues or the ground; larvae may also “balloon” 

by being carried by wind blowing their silk threads (Terry et al. 1989, Ali et al. 1990, Zalucki et 

al. 2002, Bell et al. 2005, Perović et al. 2008). Since caterpillars avoid Bt diet and move away 

from Bt cotton terminals sooner than in non-Bt cotton (Gore et al. 2002, 2005), and caterpillars 

disperse by crawling and silking, we would expect caterpillars to disperse from toxic Bt cotton in 

search of other food sources. 

Behavioral adaptations for host quality acceptance should influence bollworm larval 

behavior on Bt cotton, since Bt can cause a behavioral response in this species. We set out to 

document intrafield population dispersal differences between cotton of different Bt toxin 

pyramids and non-Bt cotton, as well as to estimate larval dispersal away from Bt toxin pyramids 

and non-Bt cotton. We hypothesized that more first instar larvae would disperse from Bt toxin 

pyramids than they would from non-Bt cotton, since they were exposed to a plant-produced 

insecticide. We also predicted that more instars of all stages would be found in non-Bt cotton, 

and that population size would be greater in two-toxin vs. three-toxin pyramided cotton. Finally, 

we expected to find more, older-instar larvae both within and dispersing from non-Bt cotton than 

in Bt toxin pyramided cotton.  

 

Materials and Methods 

Small plot randomized complete block design experiments were initiated on 25 May 2016 

and 30 May 2017 at the Upper Coastal Plain Research Center in Rocky Mount, NC. In both years, 
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cotton was planted in eight row plots, 40 m in length, with four replications, and the row spacing 

was 0.92 cm. Prior to bollworm presence, cotton was managed according to North Carolina 

Cooperative Extension recommendations for weed control, fertility, and early season insect control 

(Crozier 2018, Reisig 2018, York 2018). 

During 2016, treatments consisted of seven cotton varieties of major commercial Bt toxin 

pyramids, including, Cry1Ac + Cry1F (WideStrike, PHY 499 WRF Dow AgroSciences LLC, 

Indianapolis, IN), Cry1Ac + Cry1F + Vip3A (WideStrike 3, PHY 490 W3RF Dow AgroSciences), 

Cry1Ac + Cry2Ab (Bollgard II, DP 1522 B2XF, Deltapine, Monsanto Co., St. Louis, MO, and 

Stoneville, ST 4946GLB2, Bayer Crop Science, AG, Monheim, Germany), Cry1Ac + Cry2Ab + 

Vip3A (Bollgard III, DP 14R440B3XF Monsanto Co), and Cry1Ab + Cry2Ae (TwinLink, ST 

4848GLT, Bayer Crop Science AG) as well as a non-Bt variety (DP 1441 RF Monsanto Co). In 

2017, the same traits were included, along with Cry1Ab + Cry2Ae + Vip3A (TwinLink Plus, ST 

5517TLP, Bayer Crop Science AG). Varieties are presented as the Bt toxin pyramid, and the two 

Cry1Ac + Cry2Ab Bt toxin pyramids are distinguished by either (Deltapine) or (Stoneville) 

following the Bt toxin pyramid. 

Beginning in late July, weekly scouting for bollworm consisted of the visual inspection of 

10 plants per plot. Plants were chosen which did not have unusual growth, such as loss of apical 

dominance, as well as plants that were not near between-row sticky boards (sticky boards 

explained later). The entire plant was searched, and the number of eggs and larvae were recorded, 

as well as a visual estimation of larval instar by length and head-capsule size, based on a key to 

the instar sizes given by Neunzig (1969). Plants were randomly chosen each week to minimize 

repeated disturbance of plants and potentially damaging them or displacing larvae. Visual 

inspections continued for four to five weeks during each year, depending on larval presence.  
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Prior to bollworm larval presence, boards that completely covered row middles were placed 

between rows four and five within plots. A section of row was randomly selected, but care was 

made to avoid areas with unusual gaps between plants, or plants with unusual growth, such as loss 

of apical dominance. Boards were 79 cm by 92 cm and spanned the entire width between cotton 

rows. They were made from 0.5 cm thick corrugated polypropylene and elevated off the ground, 

at approximately 10 cm height, using 9-gauge galvanized steel wire. Wire was bent into a V-shape, 

and placed through two holes approximately 2 cm apart on the board and approximately 10 cm 

from each end, and the ends of the wire were then pressed into the row middle. Boards were 

elevated off the soil to prevent water and sand from washing across the boards, in the event of rain, 

and to reduce non-target capture. After placement, Tanglefoot Tangle-Trap (The Scotts Company 

LLC., Marysville, OH) was applied evenly to the upper surface of the boards using a joint knife. 

During 2016, larvae were counted on sticky boards five times over four weeks, with boards being 

replaced after the third data collection. During 2017, boards were left for two weeks without 

inspection, then removed and larvae counted. Boards were replaced once, for four total weeks of 

deployment and two sampling events. Larval number was recorded and instar was estimated by 

methods described previously.  

Data were log10(x+1) transformed prior to analysis and untransformed treatment means are 

presented in the results. Data were analyzed using generalized linear mixed models (PROC 

GLIMMIX; SAS 9.4, SAS Institute, Cary, NC). Data are presented by year due to the addition of 

Cry1Ac + Cry2Ae +Vip3A during 2017; furthermore, when data could be combined, egg and 

larvae counts by year on plants (year by treatment: F= 2.12; df= 6, 186; P= 0.0524, eggs; year by 

date by treatment: F= 2.47; df= 18, 189; P= 0.0013, first instars; F= 3.5; df= 18, 186; P < 0.0001, 

second instars; F= 4.5; df= 18, 186; P < 0.0001, third instars) and sticky boards (year by treatment: 



  104 

 

F= 7.82; df= 6, 123; P < 0.0001, fourth instars; year by date by treatment: F= 5.03; df= 6, 123; P 

< 0.0001, second instars; F= 7.12; df= 6, 120.4; P < 0.0001, third instars; F= 6.72; df= 6, 123; P 

< 0.0001, fifth instars) were influenced by most interactions involving year.  Within the model, 

year, date, and variety were included as fixed effects, while replications and plants within plots 

were included as random effects. In 2016, only three replications of sticky boards were deployed 

due to an inadequate amount of sticky coating during sticky board deployment, and one other 

replication of non-Bt was also missing. When interactions involving date were significant, the 

variation within the interaction was partitioned by date in order to determine weeks in which 

varieties were significant using the SLICE function. When the model was significant (α ≤ 0.05), 

means were separated using Tukey’s HSD.  

To compare the relationship between on-plant larval numbers and larval numbers on sticky 

boards for each non-Bt and Bt toxin pyramid, a regression approach (PROC REG; SAS 9.4) was 

used. In order to more closely match the time over which the relationships were analyzed, sampling 

dates two and three of the sticky board data were combined in 2016 to match the four on-plant 

sample dates; in 2017, weeks one and two of on-plant counts were combined to match the first two 

weeks of sticky board data, and weeks three and four of on-plant counts were combined to match 

the second sticky board datum. Slopes between years were compared within a given larval stage 

and Bt toxin pyramid (35 combinations) utilizing generalized linear analysis of covariance models 

where we modeled the log10 number of larvae on sticky board using the main effects and interaction 

of year and log10 number of larvae on plants (McDonald 2009). If the interaction was significant 

(α ≤ 0.05), then the slopes were considered different. Of those 35 combinations, slopes were 

different between years in only two instances, so data are presented combined over years. We then 

used the data combined from both years to construct new generalized linear analysis of covariance 
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models where we modeled the log10 number of larvae on sticky boards using the main effects and 

interaction of Bt toxin pyramid and log10 of the larvae on plants. When the interaction involving 

Bt toxin pyramid and the log10 of the number of larvae on plants was significant, we assessed the 

relationship of number of larvae on plants and number of larvae per sticky board using separate 

regressions for each variety. Slopes of the relationship between on-plant and sticky board larval 

numbers among Bt toxin pyramids were not different for first and fifth instars; thus, those data 

were combined across non-Bt and Bt toxin pyramids.   

Density dependence was determined by assessing changes in dispersal rate in relation to 

the number of larvae on plants (Denno and Peterson 1995). Number of larvae on sticky boards was 

converted to a dispersal percentage by dividing the number of larvae on sticky boards by the total 

number of larvae on plants and sticky boards. This percentage was then regressed against the 

number of larvae on plants. No significant positive relationships were detected using regression, 

which suggested a density independent relationship between larvae number on plants and dispersal 

rate. We also subjected the dispersal percentages to ANOVA using a generalized linear mixed 

model (PROC GLIMMIX) and, when significant (α ≤ 0.05), means among stages or varieties were 

separated using Tukey’s Honestly Significant Difference test.  

 

Results 

Whole plant counts. During 2016, egg numbers on plants were influenced by the main 

effects of date (F= 36.69; df= 3, 84; P < 0.0001) and non-Bt/ Bt toxin pyramid (F=4.86; df= 6, 84; 

P=0.0003) (Table 1). The most eggs were found in week one, while weeks two and three had fewer 

eggs. The fewest eggs were found in week four. The fewest eggs were on non-Bt cotton, but that 

number was statistically similar to the number of eggs on Cry1Ac + Cry1F, Cry1Ac + Cry2Ab 
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(Deltapine), and Cry1Ac + Cry2Ab + Vip3A Bt toxin pyramids. During 2017, egg numbers on 

plants were influenced by the main effects of date (F= 77.64; df= 4, 117; P < 0.0001) and non-Bt/ 

Bt toxin pyramid (F= 4.65; df= 7, 117; P= 0.0001) (Table 1). The most eggs were in weeks one 

and two, while weeks three through five had fewer eggs. The most eggs were on Cry1Ac + Cry2Ab 

+ Vip3A, but that number of eggs was only greater than the number of eggs on non-Bt cotton and 

Cry1Ac + Cry2Ab (Stoneville) Bt toxin pyramid. Egg numbers on all the other Bt toxin pyramids 

were statistically similar to both Cry1Ac + Cry2Ab (Stoneville) and Cry1Ac + Cry2Ab + Vip3A.  

 During 2016, first instar numbers were influenced by the interaction of date and non-Bt/ 

Bt toxin pyramid (F= 2.15; df= 18, 84; P= 0.0104) (Table 2). When the interaction was partitioned 

by date, first instars were influenced by non-Bt/ Bt toxin pyramid during weeks one and two (F= 

5.98; df= 6, 84; P < 0.0001, week one; F= 3.8; df= 6, 84; P= 0.0021, week two). During week one, 

the most first instars were on non-Bt cotton. A statistically similar number of first instars were on 

Cry1Ab + Cry2Ae, which was also statistically similar to the number of first instars on all other 

Bt toxin pyramids. No differences in first instar numbers were detected during week two with 

Tukey’s HSD. During 2017, first instar numbers were influenced by the interaction of date and 

non-Bt/ Bt toxin pyramid (F= 1.88; df= 28, 120; P= 0.0106) (Table 3). When the interaction was 

partitioned by date, first instars were influenced by non-Bt/ Bt toxin pyramid during weeks one 

and two (F= 2.34; df= 7, 120; P= 0.0284, week one; F= 5.69; df= 7, 120; P < 0.0001, week two). 

No differences in first instar numbers were detected using Tukey’s HSD during week one. During 

week two, more first instars were on Cry1Ac + Cry1F than were on Cry1Ac + Cry2Ab + Vip3A, 

while all other non-Bt and Bt toxin pyramids had a statistically similar number of first instars to 

the number on both Cry1Ac + Cry1F and Cry1Ac + Cry2Ab + Vip3A. 
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 During 2016, second instar numbers were influenced by the interaction of date and non-

Bt/ Bt toxin pyramid (F= 2.74; df= 18, 84; P= 0.001) (Table 2). When the interaction was 

partitioned by date, non-Bt/ Bt toxin pyramid was significant during weeks two, three, and four 

(F= 9.96; df= 6, 84; P < 0.0001, week two; F= 2.55; df= 6, 84; P= 0.0255, week three; F= 6.13; 

df= 6, 84; P < 0.0001, week four). In week two, the most second instars were on non-Bt cotton 

and a statistically similar number were on Cry1Ac + Cry1F. The number of second instars on 

Cry1Ac + Cry1F was statistically similar to the number of second instars on Cry1Ac + Cry2Ab 

(Deltapine), which also had a statistically similar number of second instars to all other Bt toxin 

pyramids. No differences in second instar numbers were found during week three using Tukey’s 

HSD. In week four, the most second instars were on Cry1Ac + Cry1F and a statistically similar 

number of second instars were on non-Bt. A statistically similar number of second instars were 

also on Cry1Ab + Cry2Ae and both Cry1Ac + Cry2Ab Bt toxin pyramids, which were also 

statistically similar to the number of second instars on Cry1Ac + Cry1F + Vip3A and Cry1Ac + 

Cry2Ab + Vip3A. During 2017, second instar numbers were influenced by the interaction of date 

and non-Bt/ Bt toxin pyramid (F= 5.01; df= 28, 117; P < 0.0001) (Table 3). When the interaction 

was partitioned by date, non-Bt/ Bt toxin pyramid was significant during weeks one through four 

(F= 15.04; df= 7, 117; P < 0.0001, week one; F= 13.95; df= 7, 117; P < 0.0001, week two; F= 

16.40; df= 7, 117; P < 0.0001, week three; F= 4.93; df= 7, 117; P < 0.0001, week four). During 

week one, the most second instars were on non-Bt cotton; fewer second instars were on all Bt toxin 

pyramids, which were statistically similar. During week two, the most second instars were on non-

Bt cotton. A statistically similar number of second instars were on Cry1Ac + Cry1F, which was 

also statistically similar to the number of second instars on both Cry1Ac + Cry2Ab Bt toxin 

pyramids, as well as Cry1Ab + Cry2Ae and Cry1Ac + Cry1F + Vip3A. Fewer second instars than 
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the number on Cry1Ac + Cry1F were on Cry1Ab + Cry2Ae + Vip3A and Cry1Ac + Cry2Ab + 

Vip3A. During week three, the most second instars were on Cry1Ac + Cry1F and non-Bt, but a 

statistically similar number of second instars were on both Cry1Ac + Cry2Ab varieties and Cry1Ab 

+ Cry2Ae. Both Cry1Ac + Cry2Ab varieties and Cry1Ab + Cry2Ae also had a statistically similar 

to the number of second instars to the number on Cry1Ac + Cry1F + Vip3A. Cry1Ab + Cry2Ae 

and Cry1Ac + Cry1F + Vip3A also had a statistically similar number of second instars to Cry1Ac 

+ Cry2Ab + Vip3A and Cry1Ab + Cry2Ae + Vip3A. No differences in second instar numbers on 

non-Bt/ Bt toxin pyramids were detected during week four using Tukey’s HSD. 

 During 2016, third instar numbers were influenced by the interaction of date and non-Bt/ 

Bt toxin pyramid (F= 5.34; df= 18, 84; P < 0.0001) (Table 2). When the interaction was partitioned 

by date, non-Bt/ Bt toxin pyramid was significant during weeks two and three (F= 26.94; df= 6, 

84; P < 0.0001, week two; F= 2.69; df= 6, 84; P= 0.0194, week three). During week two, the most 

third instars were on non-Bt, while all Bt toxin pyramids had a statistically similar number of third 

instars among them. No differences in third instar numbers were detected among non-Bt/ Bt toxin 

pyramids during other weeks using Tukey’s HSD. During 2017, third instar numbers were 

influenced by the interaction of date and non-Bt/ Bt toxin pyramid (F= 4.96; df= 28, 120; P < 

0.0001) (Table 3). When the interaction was partitioned by date, non-Bt/ Bt toxin pyramid was 

significant during weeks two, three, and four (F= 14.83; df= 7, 120; P < 0.0001, week two; F= 

16.42; df= 7, 120; P < 0.0001, week three; F= 6.74; df= 7, 120; P < 0.0001, week four). During 

week two, the most third instars were on non-Bt cotton, while all Bt toxin pyramids had a 

statistically similar number of third instars among them. During week three, the most third instars 

were on non-Bt cotton, but a statistically similar number of third instars were on Cry1Ac + Cry1F. 

Cry1Ac + Cry1F also had a statistically similar number of third instars to both Cry1Ac + Cry2Ab 
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Bt toxin pyramids and Cry1Ab + Cry2Ae. Both Cry1Ac + Cry2Ab Bt toxin pyramids and Cry1Ab 

+ Cry2Ae also had a statistically similar number of third instars to all three, three-toxin Bt 

pyramids. No differences in third instar numbers among non-Bt and Bt toxin pyramids were 

detected during week four using Tukey’s HSD. 

 During 2016, fourth instar numbers were influenced by the interaction of date and non-Bt/ 

Bt toxin pyramid (F= 7.41; df= 18, 84; P < 0.0001) (Table 2). When the interaction was partitioned 

by date, non-Bt/ Bt toxin pyramid was significant during weeks two, three, and four (F= 34.32; 

df= 6, 84; P < 0.0001, week two; F= 10.86; df= 6, 84; P < 0.0001, week three; F= 2.36; df= 6, 84; 

P= 0.0372, week four). During week two, the most fourth instars were on non-Bt, while all Bt 

toxin pyramids had a statistically similar number of fourth instars among them. In week three, the 

most fourth instars were on non-Bt and Cry1Ac + Cry1F. Cry1Ac + Cry1F also had a statistically 

similar number of fourth instars as Cry1Ac + Cry2Ab (Stoneville) and Cry1Ab + Cry2Ae, while 

those two Bt toxin pyramids had a statistically similar number of fourth instars to all other Bt toxin 

pyramids. No differences in fourth instar numbers among non-Bt and Bt toxin pyramids were 

detected during week four using Tukey’s HSD. During 2017, fourth instar numbers were 

influenced by the interaction of date and non-Bt/ Bt toxin pyramid (F= 5.1; df= 28, 120; P < 

0.0001) (Table 3), and when the interaction was partitioned by date, non-Bt/ Bt toxin pyramid was 

significant during weeks two, three, and four (F= 15.82; df= 7, 120; P < 0.0001, week two; F= 

11.16; df= 7, 120; P < 0.0001, week three; F= 7.43; df= 7, 120; P < 0.0001, week four). During 

weeks two and three, the most fourth instars were on non-Bt, while all Bt toxin pyramids had a 

statistically similar number of fourth instars among them. During week four, the most fourth instars 

were on Cry1Ab + Cry2Ae, but a statistically similar number of fourth instars were on non-Bt, 

both Cry1Ac + Cry2Ab Bt toxin pyramids, Cry1Ac + Cry2Ae + Vip3A and Cry1Ac + Cry1F. 
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Fewer fourth instars were on both Cry1Ac + Cry1F + Vip3A and Cry1Ac + Cry2Ab + Vip3A than 

there were on Cry1Ac + Cry2Ae, but they were statistically similar to the number on all other non-

Bt and Bt toxin pyramids. 

 During 2016, fifth instar numbers were influenced by the interaction of date and non-Bt/ 

Bt toxin pyramid (F= 1.79; df= 18, 84; P= 0.0401) (Tables 2). When the interaction was partitioned 

by date, non-Bt/ Bt toxin pyramid was significant during weeks two and three (F= 4.32; df= 6, 84; 

P= 0.0008, week two; F= 6.61; df= 6, 84; P < 0.0001, week three). During weeks two and three, 

the most fifth instars were in non-Bt, while all Bt toxin pyramids had a statistically similar number 

of fifth instars among them. During 2017, fifth instars were influenced by the interaction of date 

and non-Bt/ Bt toxin pyramid (F= 3.97; df= 28, 120; P < 0.0001) (Table 3). When the interaction 

was partitioned by date, non-Bt/ Bt toxin pyramid was significant during weeks two through five 

(F= 7.32; df= 7, 120; P < 0.0001, week two; F= 6.76; df= 7, 120; P < 0.0001, week three; F= 8.36; 

df= 7, 120; P < 0.0001, week four; F= 6.39; df= 7, 120; P < 0.0001, week five). During weeks two 

and three, the most fifth instars were in non-Bt, while all Bt toxin pyramids had a statistically 

similar number of fifth instars among them. During week four, non-Bt had the most fifth instars, 

but a statistically similar number of fifth instars were on Cry1Ac + Cry1F, Cry1Ac + Cry2Ab 

(Stoneville), or Cry1Ab + Cry2Ae. Those three Bt toxin pyramids also had a statistically similar 

number of fifth instars to Cry1Ac + Cry2Ab (Deltapine); all Bt toxin pyramids other than Cry1Ac 

+ Cry1F had a statistically similar number of fifth instars among them. During week five, the most 

fifth instars were on Cry1Ac + Cry2Ab (Stoneville), but a statistically similar number of fifth 

instars were on Cry1Ac + Cry1F, Cry1Ab + Cry2Ae, Cry1Ac + Cry2Ab (Deltapine) and non-Bt. 

All non-Bt and Bt toxin pyramids other than Cry1Ac + Cry2Ab (Stoneville) had a statistically 

similar number of fifth instars. 
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Sticky Board Counts During 2016, first instar numbers on sticky boards were influenced 

by the main effects of date (F= 18.25; df= 4, 81; P < 0.0001) and non-Bt/ Bt toxin pyramid (F=3.4; 

df= 6, 81; P=0.048) (Table 4). The fewest first instars were on sticky boards in non-Bt cotton, but 

a statistically similar number of first instars were on sticky boards in Cry1Ac + Cry2Ab (Deltapine) 

and Cry1Ac + Cry2Ab + Vip3A. Both of these Bt toxin pyramids also had a statistically similar 

number of first instars on sticky boards to all other Bt toxin pyramids. The most first instars were 

on sticky boards during sampling date one, while fewer first instars were on sticky boards during 

sampling dates two through five, which were statistically similar to each other. In 2017, first instar 

counts on sticky boards were influenced by the interaction of date and non-Bt/ Bt toxin pyramid 

(F= 3.1; df= 7, 48; P= 0.0088) (Table 5), and when the interaction was partitioned by date, non-

Bt/ Bt toxin pyramid was significant during sampling date one (F=2.62; df= 7, 48; P=0.0223). 

However, no differences in first instar numbers on sticky boards were detected using Tukey’s 

HSD. 

 During 2016, second instar numbers on sticky boards were influenced by the interaction of 

date and non-Bt/ Bt toxin pyramid (F= 3.35; df= 24, 81; P < 0.0001) (Table 6). When the 

interaction was partitioned by date, non-Bt/ Bt toxin pyramid was significant during all sampling 

dates (F= 2.81; df= 6, 81; P= 0.0156, week one; F= 12.42; df= 6, 81; P < 0.0001, week two; F= 

8.34; df= 6, 81; P < 0.0001, week three, F= 4.84; df= 6, 81; P= 0.0003, week four; F= 2.47; df= 

6, 81; P= 0.0306, week five). During sampling date one, the most second instars were on sticky 

boards in non-Bt. Fewer second instars were on sticky boards in Cry1Ac + Cry2Ab (Stoneville) 

and Cry1Ab + Cry2Ae. During sampling dates two and three, the most second instars were on 

sticky boards in non-Bt. Fewer second instars were on sticky boards in Cry1Ac + Cry1F. Even 

fewer second instars were on sticky boards in Cry1Ac + Cry2Ab + Vip3A. Other Bt toxin pyramids 
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had a statistically similar number of second instars on sticky boards to both Cry1Ac + Cry1F and 

Cry1Ac + Cry2Ab + Vip3A. During sampling date four, the most second instars were on sticky 

boards in Cry1Ab + Cry2Ae, while fewer second instars were on sticky boards in Cry1Ac + 

Cry2Ab + Vip3A. All other Bt toxin pyramids had a statistically similar number of second instars 

on sticky boards to the number on both Cry1Ab + Cry2Ae and Cry1Ac + Cry2Ab + Vip3A. During 

sampling date five, the most second instars were on sticky boards in non-Bt, while fewer second 

instars were on sticky boards in Cry1Ac + Cry2Ab + Vip3A. All other Bt toxin pyramids had a 

statistically similar number of second instars on sticky boards to the number on both non-Bt and 

Cry1Ac + Cry2Ab + Vip3A. In 2017, second instars on sticky boards were influenced by the 

interaction of date and non-Bt/ Bt toxin pyramid (F= 2.9; df= 7, 45; P= 0.0137) (Table 5), and 

when the interaction was partitioned by date, non-Bt/ Bt toxin pyramid was significant during 

sampling date one (F= 9.79; df= 7, 45; P < 0.0001). During sampling date one, the most second 

instars were on sticky boards in non-Bt and Cry1Ac + Cry1F. Cry1Ac + Cry1F also had a 

statistically similar number of second instars on sticky boards as the number on sticky boards in 

Cry1Ab + Cry2Ae and both Cry1Ac + Cry2Ab Bt toxin pyramids. All Bt toxin pyramids other 

than non-Bt and Cry1Ac + Cry1F had a statistically similar number of second instars on sticky.  

During 2016, third instar numbers on sticky boards were influenced by the interaction of 

date and non-Bt/ Bt toxin pyramid (F=2.85; df= 24, 78.62; P=0.0003) and when the interaction 

was partitioned by date, non-Bt/ Bt toxin pyramid was significant during all sampling dates (F= 

6.43; df= 6, 78.69; P < 0.0001, week one; F= 27.95; df= 6, 78.69; P < 0.0001, week two; F= 15.07; 

df= 6, 78.69; P < 0.0001, week three; F= 7.51; df= 6, 78.69; P < 0.0001, week four; F= 10.78; df= 

6, 78.69; P < 0.0001, week five) (Table 6). During sampling dates one, three and five, more third 

instars were found on sticky boards in non-Bt than the number on sticky boards in all other Bt 
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toxin pyramids, which had a statistically similar number of third instars on sticky boards among 

them. During sampling date two, more third instars were on sticky boards in non-Bt than were on 

sticky boards in Cry1Ac + Cry1F, and more third instars were on sticky boards in Cry1Ac + Cry1F 

than were on sticky boards in all other Bt toxin pyramids. During sampling date four, the most 

third instars were on sticky boards in non-Bt, but a statistically similar number of third instars were 

on sticky boards in Cry1Ac + Cry2Ab (Stoneville) and Cry1Ab + Cry2Ae. All Bt toxin pyramids 

had a statistically similar number of third instars on sticky boards among them. During 2017, third 

instar numbers on sticky boards were influenced by the interaction of date and non-Bt/ Bt toxin 

pyramid (F=3.4; df= 7, 48; P=0.0049) (Table 5) and when the interaction was partitioned by date, 

non-Bt/ Bt toxin pyramid was significant during both sampling dates (F= 21.46; df= 7, 48; P < 

0.0001, week one; F= 9.65; df= 7, 48; P < 0.0001, week two). During sampling date one, more 

third instars were on sticky boards in non-Bt than all Bt toxin pyramids, which had a statistically 

similar number of third instars on sticky boards among them. During sampling date two, more 

third instars were on sticky boards in non-Bt, but a statistically similar number of third instars were 

on sticky boards in Cry1Ac + Cry1F. Fewer third instars were on sticky boards in Cry1Ac + 

Cry2Ab + Vip3A and Cry1Ab + Cry2Ae + Vip3A. All other Bt toxin pyramids were statistically 

similar to both Cry1Ac + Cry1F as well as Cry1Ac + Cry2Ab + Vip3A and Cry1Ab + Cry2Ae + 

Vip3A. 

  During 2016, the number of fourth instars on sticky boards were influenced by the 

interaction of date and non-Bt/ Bt toxin pyramid (F= 3.8; df= 24, 81; P < 0.0001) (Table 6). When 

the interaction was partitioned by date, non-Bt/ Bt toxin pyramid was significant during sampling 

dates two through five (F= 13.71; df= 6, 81; P < 0.0001, week two; F= 19.46; df= 6, 81; P < 

0.0001, week three; F= 3.89; df= 6, 81; P= 0.0018, week four; F= 11.66; df= 6, 81; P < 0.0001, 
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week five). During sampling dates two, three and five, the most fourth instars were on sticky 

boards in non-Bt cotton, while fewer fourth instars were on sticky boards in all other Bt toxin 

pyramids. No differences in fourth instar numbers on sticky boards were detected during the fourth 

sampling date using Tukey’s HSD. During 2017, the number of fourth instars on sticky boards 

was influenced by the main effects of date (F= 13.58; df= 1, 48; P= 0.0006) and non-Bt/ Bt toxin 

pyramid (F= 11.43; df= 7, 48; P < 0.0001) (Table 5). More fourth instars were found on sticky 

boards in all non-Bt/ Bt toxin pyramids in the second sampling date (data not shown). During both 

sampling dates, more fourth instars were on sticky boards in non-Bt cotton than there were on 

sticky boards in all Bt toxin pyramids. 

 During 2016, fifth instar numbers on sticky boards were influenced by the interaction of 

date and non-Bt/ Bt toxin pyramid (F= 3.93; df= 24, 81; P < 0.0001) (Table 6), and when the 

interaction was partitioned by date, non-Bt/ Bt toxin pyramid was significant during sampling 

dates two through five (F= 7.29; df= 6, 81; P < 0.0001, week two; F= 15.25; df= 6, 81; P < 0.0001, 

week three; F= 17.98; df= 6, 81; P < 0.0001, week four; F= 2.91; df= 6, 81; P= 0.0127, week five) 

(Table 3). Differences in fifth instar numbers on sticky boards were only detected during sampling 

dates three and four using Tukey’s HSD. During sampling date three, more fifth instars were on 

sticky boards in non-Bt than all Bt toxin pyramids. During sampling date four, the most fifth instars 

were on sticky boards in non-Bt, but a statistically similar number of fifth instars were on sticky 

boards in Cry1Ac + Cry1F. The number of fifth instars on sticky boards in Cry1Ac + Cry1F was 

also statistically similar to the number on sticky boards in Cry1Ab + Cry2Ae and Cry1Ac + 

Cry2Ab (Deltapine). All Bt toxin pyramids other than non-Bt and Cry1Ac + Cry1F had a 

statistically similar number of fifth instars on sticky boards among them. During 2017, fifth instar 

numbers on sticky boards were influenced by the interaction of date and non-Bt/ Bt toxin pyramid 
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(F= 9.84; df= 7, 48; P < 0.0001) (Table 5), and when the interaction was partitioned by date, non-

Bt/ Bt toxin pyramid was significant during both sampling dates (F= 6.22; df= 7, 48; P < 0.0001, 

week one; F= 32.46; df= 7, 48; P < 0.0001, week two). During sampling date one, more fifth 

instars were on sticky boards in non-Bt than all other Bt toxin pyramids. During sampling date 

two, the most fifth instars were on sticky boards in non-Bt, but a statistically similar number of 

fifth instars were on sticky boards in Cry1Ac + Cry1F. The number of fifth instars on sticky boards 

in Cry1Ac + Cry1F was also statistically similar to the number of fifth instars on sticky boards in 

Cry1Ab + Cry2Ae and both Cry1Ac + Cry2Ab Bt toxin pyramids. The number of fifth instars on 

sticky boards in both Cry1Ac + Cry2Ab Bt toxin pyramids and Cry1Ab + Cry2Ae was also 

statistically similar to the number of fifth instars on sticky boards in Cry1Ab + Cry2Ae + Vip3A. 

The number of fifth instars on sticky boards in Cry1Ac + Cry2Ab (Stoneville) was also statistically 

similar to the number of fifth instars on sticky boards in Cry1Ac + Cry2Ab + Vip3A and Cry1Ac 

+ Cry1F + Vip3A. 

Transformed On-Plant Count and Sticky Board Regression. Slopes were not 

significantly different among all non-Bt/ Bt toxin pyramids for the relationship between first instar 

numbers on sticky boards and the number on plants (F=0.83, df=7, 144; P=0.5628). The linear 

relationship between first instar numbers on sticky boards and the number on plants was positive 

among all non-Bt/ Bt toxin pyramids, when the regression parameters were significant (F=15.72, 

Table 7). The slopes were significantly different among non-Bt/ Bt toxin pyramids for the 

relationship between second instar numbers on sticky boards and the number on plants (F=4.62, 

df=7, 144; P=0.0001). The relationships between second instar numbers on sticky boards and the 

number on plants was positive for non-Bt, Cry1Ac + Cry1F, and Cry1Ab + Cry2Ae Bt toxin 

pyramids. No other Bt toxin pyramids had a significant relationship between numbers of second 
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instars on sticky boards and on-plant numbers. The slopes were significantly different among non-

Bt/ Bt toxin pyramids for the relationship between third instar numbers on sticky boards and the 

number on plants (F=2.99, df=6, 144; P=0.0088). The relationships between third instar numbers 

on sticky boards and the number on plants was positive for Cry1Ac + Cry1F, Cry1Ac + Cry1F + 

Vip3A, Cry1Ac + Cry2Ab + Vip3A, and non-Bt. The slopes were different among non-Bt/ Bt 

toxin pyramids for the relationship between fourth instar numbers on sticky boards and the number 

on plants (F=3.19, df=7, 144; P=0.0036). The relationship between fourth instar numbers on sticky 

boards and on plants was positive for Cry1Ac + Cry1F, Cry1Ac + Cry2Ab (Deltapine), Cry1Ac + 

Cry2Ab + Vip3A, Cry1Ac + Cry2Ab (Stoneville), Cry1Ab + Cry2Ae, and non-Bt. The slopes 

were not different among non-Bt/ Bt toxin pyramids for the relationship between fifth instar 

numbers on sticky boards and the number on plants (F=1.11, df=7, 144; P=0.3585). The 

relationship between fifth instar numbers on sticky boards and on plants was positive and equal 

for all non-Bt/ Bt toxin pyramids.  

Larval dispersal rate. Bollworm larvae dispersed at different rates dependent upon their 

stage (F= 5.66, df=4, 398; P= 0.0002). First instars dispersed more quickly than fourth or fifth 

instars. There was a negative relationship between first instar dispersal rate and the number of first 

instars on plants (F= 8.34, df=1, 74; P= 0.0051; R2: 0.09; y=65.5-1.52x). The average dispersal 

rate of first instars was affected by non-Bt/ Bt toxin pyramid (F= 2.31, df=7, 124; P= 0.0301). 

First instars dispersed at a higher rate from Cry1Ac + Cry1F (86% ± 5.8) (Mean% ± SEM) and 

Cry1Ac + Cry1F + Vip3A (85% ± 6.8) than they did from Cry1Ab + Cry2Ae + Vip3A (27% ± 

24.4). No relationship occurred between second instar dispersal rate and the number of second 

instars on plants (F= 1.77, df=1, 58; P= 0.1887). The average dispersal rate of second instars was 

also not affected by variety (F= 1.08, df=7, 83; P= 0.3819). The average dispersal rate of second 
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instars from all varieties was 62% ± 3.9. No relationship occurred between third instar dispersal 

rate and the number of second instars on plants (F= 0.08, df=1, 46; P= 0.7848). The dispersal rate 

of third instars was also not affected by variety (F= 1.21, df=7, 61; P= 0.3098). The average 

dispersal rate of fifth instars from all varieties was 57.1% ± 4.7. No relationship occurred between 

fourth instar dispersal rate and the number of second instars on plants (F= 0.76, df=1, 51; P= 

0.3860). The dispersal rate of fourth instars was also not affected by variety (F= 0.72, df=7, 56; 

P= 0.6591). The average dispersal of fourth instars for all varieties was 45.4% ± 4.4. No 

relationship occurred between fifth instar dispersal rate and the number of second instars on plants 

(F= 0.70, df=1, 49; P= 0.4070). The dispersal rate of fifth instars was also not affected by variety 

(F= 0.66, df=7, 62; P= 0.7023). The average dispersal rate of fifth instars for all varieties was 

49.5% ± 4.8. 

 

Discussion 

Our objectives in this experiment was to explore the population densities of bollworm eggs 

and larvae on cotton plants and to quantify larval dispersal away from those plants. During both 

years, there was less oviposition on non-Bt cotton than most Bt toxin pyramids. We surmise that 

this was a density-dependent effect. Although our data do not directly address this, females could 

have been deterred from ovipositing in non-Bt cotton due to the relatively high abundance of 

bollworm larvae or lack of available feeding sites. Moreover, first instar larval numbers were 

higher on non-Bt than all Bt toxin pyramids, except for Cry1Ac + Cry1F in a single sampling 

week. Bollworm larvae were more successful in completing development on non-Bt cotton than 

they were on all Bt toxin pyramids. We successfully used sticky boards as an indirect method for 

quantifying larval dispersal from cotton plants and demonstrated some differences in dispersal 
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quantity and rate dependent upon bollworm stage and Bt toxin pyramid. Larval populations were 

higher on non-Bt, despite first instars dispersing from non-Bt at an equal rate to those dispersing 

from Bt toxin pyramids. First instars dispersed at a higher rate than fourth or fifth instars and were 

the only larval stadia that dispersed at different rates among non-Bt/ Bt toxin pyramids.  

In contrast to a previous study in the southeastern US that found no difference in 

oviposition rates between non-Bt and Bt cotton (Torres and Ruberson 2006), we found that 

oviposition was lowest on non-Bt cotton, compared to most Bt toxin pyramids, in both years.  As 

mentioned previously, females could have been deterred from ovipositing on non-Bt cotton due to 

the relatively high abundance of all larval stadia. We began sampling when first instars were 

already present at relatively high levels. Frass components are a common oviposition deterrent in 

Lepidoptera (Renwick and Radke 1980, Ditrick et al. 1983, Williams et al. 1986, Hilker and Klein 

1989, Xu et al. 2006). In both years of our study, there were more larvae of various stages on non-

Bt cotton than were on Bt toxin pyramids. Larvae were so abundant that they consumed most 

fruiting structures on non-Bt and were feeding on leaves; frass was also abundant on the ground 

and cotton tissue. Aliphatic acids have been isolated from Old World bollworm frass after they fed 

on artificial diet or cotton leaves and, when those compounds were presented to moths, they were 

as deterrent to oviposition (up to 50%) as the frass alone (Xu et al. 2006). Old World bollworm 

and bollworm are congeneric, and interbreeding can occur (Laster and Hardee 1995, Behere et al. 

2007, Anderson et al. 2018); therefore, since these species are related, we hypothesize that frass 

may be an ovipositional deterrent for bollworm like it is for Old World bollworm. Further possible 

explanations could be varietal effects, since only a single non-Bt variety was used during both 

years, and also the lack of fruit on non-Bt cotton plants from prior bollworm feeding which could 

have signaled poor host quality for gravid females. Two varieties of Cry1Ab + Cry2Ae were used 
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in 2017. While oviposition rates did not differ between these varieties, ovipositional rate was only 

higher on one of these varieties compared to the non-Bt. Hence, variety likely had an effect in our 

experiment. Regardless, this density dependent response (Denno et al. 1995, Ray and Hastings 

1996, Kaplan and Denno 2007) of oviposition has not been reported previously.  

Certain Bt proteins can be toxic to bollworm larvae and behavioral responses of heliothine 

larvae to Bt are common (MacIntosh et al. 1990, Gore et al. 2001, 2005, Zalucki and Furlong 

2017). We expected to find more first instars surviving on non-Bt cotton than we found on all Bt 

toxin pyramids, and this occurred during a single week in 2016.  However, first instar numbers on 

cotton plants during most weeks were similar between non-Bt and Bt toxin pyramids. Establishing 

a feeding site on the plant is a difficult initial task for first instars (Zalucki et al. 2002), regardless 

of the presence of Bt within the cotton plant. When caterpillars disperse, they can fall, drop from 

the plant on silks, balloon, or crawl down the stem (Terry et al. 1989, Zalucki et al. 2002); all 

dispersal types were likely captured by sticky boards since they spanned from stem-to-stem across 

the row. The number of first instars on sticky boards was higher in most Bt toxin pyramids than 

non-Bt during 2016 and seemed to corroborate previous research (Gore et al. 2001, Zalucki and 

Furlong 2017). Although no differences in first instar numbers on sticky boards among non-Bt and 

Bt toxin pyramids were found during 2017, numerically more first instars were on sticky boards 

in non-Bt cotton. This disparity in results between years may not have occurred had a sufficient 

number of sticky boards been deployed initially in non-Bt during 2016. The lack of replication of 

sticky boards in non-Bt plots may have increased variability in the data and this may have changed 

the outcome such that there was an interaction of date and non-Bt/ Bt cotton pyramid. During 

2016, there was only a main effect of non-Bt/ Bt toxin pyramid, while in 2017, there was an 

interaction with date and non-Bt/ Bt toxin pyramid. During 2016, the first sampling week was 
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when a majority of first instars were in the system, as evident by on-plant counts. If we had more 

sticky boards deployed and more replication, we may have detected a different amount of first 

instar dispersal during that week. We used the on-plant and sticky board larval numbers to calculate 

the dispersal rate and examined the relationship of this value across stages and varieties. 

We hypothesized that first instars would disperse more quickly from Bt toxin pyramids 

than non-Bt cotton, due to exposure from the Bt toxin; our results did not provide us sufficient 

evidence to reject this hypothesis. Despite the differences in numbers of first instars on plants and 

sticky boards, the dispersal rate was highest for first instars leaving Cry1Ac + Cry1F and Cry1Ac 

+ Cry1F + Vip3A. Cry1F Bt toxin is not as effective as other Cry toxins against bollworm (Reisig 

et al. 2018), and sublethal effects are present (Reisig and Reay-Jones 2015), which could lead to 

unknown behavioral effects. It is possible that larvae were able to move farther after consuming 

tissue that contained this Bt toxin, then those which were located on other Bt toxin pyramids. 

Practical resistance to Cry2 toxins exists (Reisig et al. 2018), but we did not calculate resistance 

levels to Cry2 toxins in the population which we studied. If Cry2 resistance existed, those larvae 

may not have been influenced to disperse (Zalucki and Furlong 2017), which could explain the 

higher dispersal from Cry1Ac + Cry1F and Cry1Ac + Cry1F + Vip3A if larvae were more 

susceptible to those pyramids. Furthermore, varieties expressing Cry1Ac + Cry1F and Cry1Ac + 

Cry1F + Vip3A were from the same company and had similar growth characteristics, suggesting 

a similar genetic background; that varietal effect may have influenced first instar dispersal 

regardless of the toxin pyramid and would help explain their dispersal from Cry1Ac + Cry1F + 

Vip3A, despite its continued effectiveness as a toxin (Reisig et al. 2018). First instars dispersed at 

a similar rate from non-Bt cotton as they did from all Bt toxin pyramids. Therefore, the dispersal 

rate of first instar bollworm did not increase on Bt toxin pyramids compared to non-Bt, despite 
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finding more first instars on sticky boards in Bt toxin pyramids in some weeks. Length of 

deployment of our sticky boards may have been an issue for monitoring first instar dispersal. First 

instars are small enough to degrade relatively quickly on sticky boards. Therefore, it is possible 

that we were not able to distinguish all first instars which left the plant; if such work is repeated, a 

shorter sampling period should be used to decrease this possibility.  

Density dependence would manifest as a change in dispersal rate as the number of larvae 

on plants increases (Denno and Peterson 1995), although an increase in dispersal as the number of 

individuals on plants increases is more common. We did observe a slight decrease in dispersal rate 

as the number of first instars on plants increased. This was not expected, and could be due to 

several factors we did not address. One possibility is that bollworm will often cannibalize 

conspecifics (Mally 1892). Cannibalization rates will differ dependent on diet quality (Joyner and 

Gould 1985), and cannibalization can offset the negative impact of Bt on larvae in Bt corn (Chilcutt 

2006). Therefore, as first instar numbers increased on plants, more cannibalization could occur, 

leading to fewer larvae which were able to disperse, and remaining larvae could have been more 

prone to establish on plants. More specific research could be designed to address this result under 

more controlled conditions and known quantities of larvae, to understand how larvae establishment 

on cotton plants may differ when cannibalization occurs in non-Bt versus Bt cotton. Other research 

on Cry1Ac + Cry1F cotton failed to quantify any differences in first instar bollworm behavior 

between non-Bt and Cry1Ac + Cry1F cotton (Jackson et al. 2010), but they did not quantify 

differences in larval dispersal despite different proportions of larvae remaining on plants. Our data 

for the same Bt toxin pyramid and others, contain mixed results for larval dispersal. It is possible 

that the differences that were seen on Cry1Ac-expressing cotton (Gore et al. 2001) are not related 

to the Bt toxin pyramids, are varietal-specific, or that larval behavior has shifted due to resistance 
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in two-toxin Bt pyramided cotton (Reisig et al. 2018), as has been observed between susceptible 

and resistant Old World bollworm (Furlong and Zalucki 2017). 

We hypothesized that there would be more second through fourth instars on non-Bt cotton 

compared to Bt toxin pyramids, due to the toxicity of those pyramids to bollworm larvae. Results 

confirmed our hypothesis. There were more second instar and older larvae on non-Bt cotton plants, 

although this was not always the case in later sampling weeks when larval numbers on two-toxin 

Bt cotton varieties often exceeded the larval numbers on non-Bt cotton plants. Increased 

developmental time is a sub-lethal effect of Bt toxin on larvae, as well as a common fitness cost 

associated with insecticide resistance (Stewart et al. 2001, Burd et al. 2003, Gassman et al. 2009); 

it is likely that more of these larval stages were found on Bt toxin pyramids than non-Bt cotton in 

later weeks because their development was slowed. However, the Bt resistance status of the 

populations in our study were not quantified. In addition, some Bt protein concentrations decrease 

as the season progresses (Greenplate 1999, Siebert et al. 2009), perhaps enhancing larval survival 

in Bt toxin pyramided cotton as the season progressed.  

We hypothesized that relatively few second, third, or fourth larval instars would disperse 

from non-Bt cotton, while many second, third, or fourth larval instars would continue to disperse 

from the different Bt toxin pyramids, to avoid Bt protein. However, contrary to our hypothesis, we 

recorded more total numbers of second to fifth instar larvae leaving non-Bt cotton compared to Bt 

toxin pyramids. We observed larval densities on non-Bt cotton high enough that they were feeding 

on cotton leaves because they depleted the fruiting structures as a food source.  An individual 

bollworm larva can consume up to 17 fruiting structures during the course of its lifetime (Wilson 

and Gutierrez 1980). Moreover, cotton will commonly abort fruiting structures for many reasons, 

including low fertility, water stress, or pest feeding (Guinn 1982, Gore et al. 2000). Therefore, 
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these larvae could have been dispersing to find a new food source. The combination of impacts on 

development time and high amounts of feeding reducing the number of fruiting structures could 

interact to explain the changes over time in the number of larvae on plants and the numbers leaving 

non-Bt or Bt toxin pyramids. Although we observed a higher number of second through fourth 

instar larvae leaving non-Bt cotton, there was no difference in their dispersal rate among non-Bt/ 

Bt toxin pyramids. Second through fourth instars did not disperse at a higher rate from Bt toxin 

pyramids compared to non-Bt cotton, as we expected. However, the dispersal rate was lower for 

fourth instars than it was for first instars. Several non-mutually exclusive factors could explain the 

lack of differences in dispersal rate including a decline of Bt toxin expression as the season 

progressed and in the reproductive structures that were suitable to larval feeding (Greenplate 1999; 

Siebert et al. 2009), or decreased susceptibility of larvae to Bt toxins as they aged. However, this 

does not address the stair-step decrease in dispersal rate, as stages increase, that occurred across 

all varieties, including non-Bt cotton. Finally, we also observed second through fourth instar larvae 

trapped on sticky boards adjacent to cotton structures that had abscised from the plant. It is possible 

that some of the second instar or older larvae were contained within tissues as they abscised and 

were trapped by the sticky board after exiting the structure, as opposed to voluntarily dispersing 

from the cotton plant. Due to the lack of evident trends across stages and varieties, many questions 

could be asked in future research. 

The toxicity of Cry1, Cry2, and Vip3 toxins to bollworm is variable (Halcomb et al. 1996, 

Stewart et al. 2001, Siebert et al. 2008, Ali and Luttrell 2011). We observed trends in the 

differences in the relationship between the number of larvae found on plants and the number of 

larvae found on sticky boards for different non-Bt/ Bt toxin pyramids for second, third, and fourth 

instars. During the course of our study in North Carolina, there was more bollworm damage to 
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cotton bolls in cotton expressing Cry1Ac + Cry1F than cotton expressing Cry1Ac + Cry2Ab or 

Cry1Ac + Cry1F + Vip3A (Carter et al. 2015, Reisig et al. 2018). Our data demonstrated stronger 

relationships between larval numbers on plants and dispersal rates (quantified using larval on 

sticky boards) in most cotton varieties expressing Cry2 or Vip3A, than those which do not. The 

relationships between second to fourth instar larvae on sticky boards and larvae on plants in 

varieties which expressed Cry2 or Vip3A toxins often resulted in higher R2 values. This suggests 

that second to fourth instar larvae are more consistent in their dispersal from cotton expressing 

those toxins. Whereas, larvae in Bt toxin pyramids which were less toxic were more erratic in their 

dispersal; however, the rate at which they dispersed was not different from those varieties.   

Our data do not address why these caterpillars leave the plant prior to reaching prepual 

stage. However, if these larvae were leaving to find a new food source, they may face difficulty 

trying to reestablish on a cotton plant. In the case of pink bollworm (Pectinophora gossypiella 

Saunders), exposure to high soil temperatures as fifth instars can result in larvae mortality 

(Henneberry and Clayton 1982). Likewise, first instar Old World bollworm has significant 

mortality when contacting the soil at temperatures of 43° C, although mortality decreases as the 

canopy closes (Perović et al 2008). Although southeastern United States cotton often has a closed 

canopy by August, when bollworm is present, it is still likely that larvae would encounter exposed 

soil with high temperatures, when air temperatures may reach 40°C during this time (NC CRONOS 

2018). Soil surface temperatures are related to air temperatures and sun exposure, are predicted to 

reach higher temperatures than ambient surface air temperature (Pikul 1991), and are therefore 

likely to reach the 43° C threshold tested by Perović et al. (2008). In soybean (Glycine max L.), 

bollworm were not likely to reestablish upon a soybean plant after spinning down to the ground 

(Terry et al. 1989). In that study, the authors hypothesized that the spin-down behavior, which has 
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been selected for as a dispersal mechanism, may not be advantageous in cropping systems when 

all plants are genetically similar and would be equivalent in their suitability as a host. Ground-

dwelling predators are common in both Bt and non-Bt cotton fields (Torres and Ruberson 2007). 

Hence, dispersal of larvae from cotton plants, regardless of larval stage, could result in mortality 

from predation or abiotic environmental conditions. Future research investigating the ability of 

different stage bollworm to reestablish on cotton plants after reaching the ground will be important 

to understanding this dispersal behavior and to estimate mortality factors. 

Although we recorded differences in fifth instar numbers on plants and on sticky boards 

among non-Bt and Bt toxin pyramids, the dispersal rate was equal among non-Bt and Bt toxin 

pyramids. Fifth instars leave the plant to pupate (Neunzig 1969, Fitt 1989), and we assumed that 

these represented fully developed larvae. Therefore, we expected fifth instars to disperse at an 

equal rate from all non-Bt/ Bt toxin pyramids. We did not continue whole plant and sticky board 

sampling until all fifth instars had completed development. If we had continued sampling, we 

would have achieved 100% dispersal rates of fifth instar bollworm from all varieties; development 

time, measured as the point at which dispersal reached 100% from various non-Bt/ Bt toxin 

pyramids, could be useful information in assessing resistance and fitness costs. We also noticed 

instances towards the end of sticky board deployment, when fifth instars could crawl across boards, 

particularly when the boards were wet after rain. Therefore, although we likely did not capture all 

fifth instars which contacted the sticky boards, the number of fifth instars which were able to move 

off sticky boards without capture should have been consistent and would not have altered observed 

trends across the varieties. Our data confirms our hypothesis that larvae perform better on non-Bt 

compared to Bt toxin pyramids, but some larvae were still able to reach the final instar and disperse 

from the plant in varieties expressing Bt toxins; moreover, larvae reached fifth instars in all Bt 
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toxin pyramids, except for Cry1Ac + Cry1F + Vip3A. Finding fifth instar bollworm on cotton 

expressing Vip3A is alarming. Vip3A was added to existing Bt toxin pyramids to improve 

resistance management by increasing the redundant killing potential (Carrière et al. 2015). 

However, current resistance to Cry1 and Cry2 toxins places more selection pressure on Vip3A, 

and this research reiterates the need for strong resistance management procedures for this toxin 

(Reisig et al 2018), since larvae are already potentially surviving to complete development. 

We hypothesized that larvae would gauge the quality of their food during feeding, and 

choose to move away from an unfavorable food source in search of a more desirable food source 

according to the optimal foraging theory (Sih and Christenson 2001). Based on this theory, we 

assumed that Bt toxin pyramids would be a less favorable food source compared to non-Bt cotton 

and that larvae would disperse from these varieties more.  Upon eclosion, first instars forage to 

find suitable feeding resources (Zalucki et al. 2002). However, contrary to the optimal forage 

theory, first instars did not disperse from Bt toxin pyramids more rapidly than they did from non-

Bt cotton. This finding assumes that these first instars were susceptible to the toxins present in the 

Bt cotton and that they could detect the toxins. While it seems reasonable to assume that the larvae 

could detect Bt (Gore et al. 2001, 2005), we did not know the Bt susceptibility of this natural 

infestation. Based on the lack of survival of larvae in cotton expressing Vip3A, they were likely 

susceptible to this toxin. However, dispersal did not vary between Bt pyramids with or without 

Vip3A. In addition, density dependent dispersal of larvae could be altered by the presence or 

absence of Bt toxin in the plant. Density dependence could be negated if larvae are leaving the 

plant in order to avoid Bt toxin.  Dispersal rates of all larval stages were positively related to on-

plant larval numbers on some or all non-Bt and Bt toxin pyramids, but differences in dispersal rate 

among non-Bt/ Bt toxin pyramids within a stage were not common (Table 7). Density dependent 
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responses are common in some systems (Denno and Peterson 1995, Denno et al. 1995, Ray and 

Hastings 1996, Kaplan and Denno 2007), and we observed a decrease in first instar dispersal as 

the number of larvae present increased. However, the decrease observed for first instars was slight 

and was not observed for older stages, which would limit the evidence for conspecific-mediated 

density-dependent dispersal among bollworm larvae. 

Scouting methods for bollworm often rely on farmers or consultants counting larvae on 

cotton plants throughout a field (Catchot 2018, Reisig 2018). Because there is a relationship 

between on-plant larval numbers and numbers captured on sticky boards, sticky boards could be a 

potential passive sampling method for sampling bollworm in cotton. Development of a sampling 

plan using large sticky boards would require a more rigorous definition of the relationship between 

on-plant numbers and capture of larvae on sticky boards, how different Bt toxin pyramids influence 

this relationship dependent on bollworm susceptibility to Bt, and how this relationship might 

change over time with bollworm and cotton plant development. However, this method could 

potentially reduce the time required to locate and find larvae on cotton plants.  

As mentioned previously, our research was conducted with naturally occurring bollworm 

populations, without quantification of their Bt susceptibility. Practical resistance to Bt is 

widespread in the southeastern US (Reisig et al. 2018), and future studies could investigate the 

behavior of bollworm with known Bt susceptibility. Additionally, studies on bollworm behavior, 

including our study, often only examine one variety of a given non-Bt or Bt toxin pyramid (Gore 

et al. 2001, Torres and Ruberson 2006, Jackson et al. 2010). Changes in behavior could occur 

between varieties expressing the same Bt toxin pyramid, and this should be considered.  For 

example, bollworm egg parasitism changes across hirsute and glaborous varieties (Treacy et al. 

1986) and larval growth is influenced by gossypol content of cotton (Lukefahr and Martin 1966), 
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which can vary across varieties. We made assumptions on dispersal rates by capturing larvae that 

left plants while sampling on-plant larval numbers at distinct time points. Quantification of larval 

dispersal utilizing a known quantity of larvae over shorter, more defined time scales could advance 

the knowledge of bollworm larval dispersal. This would eliminate assumptions we made on the 

relationship between on-plant and sticky board larval numbers by utilizing a predefined number 

of larvae. Meanwhile, a shorter time scale would reduce variability and the potential for larvae to 

disappear from plants and sticky boards, along with the possibility of larvae degrading to the point 

they were unrecognizable on sticky boards. Furthermore, it would allow researchers to infest plants 

up to very high populations, perhaps forcing density dependence. 

In contrast to most stages of larvae, bollworm oviposition rate appears to be density 

dependent, with lower oviposition rates when higher numbers of larvae are present. This 

dependence may force differences in oviposition rates between non-Bt and Bt toxin pyramided 

cotton under high infestations. It also has implications if non-Bt cotton were used as a refuge. 

Under heavy larval infestations in non-Bt cotton, moths may choose to oviposit in Bt cotton over 

non-Bt cotton, increasing the selection pressure in Bt cotton. Moreover, larval dispersal is 

important to avoid negative impacts from food, or to find additional resources in cases when they 

become scarce. We found that all stages of bollworm larvae were prone to disperse from both non-

Bt cotton and Bt toxin pyramids, but their dispersal did not seem to be affected by density 

regardless of non-Bt/ Bt toxin pyramid. Larval dispersal from non-Bt seems to be in an effort to 

find additional food resources, with larvae of all stages dispersing, which was not expected. 

Meanwhile some Bt toxin pyramids may result in more consistent dispersal due to avoidance of 

certain toxins. However, little is known about where these dispersing larvae will end up, or how 

likely they are to reestablish into other cotton plants if they disperse prior to the prepupal stage. If 
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bollworm larvae are dispersing from plants due to toxin aversion (Zalucki and Furlong 2017), they 

may be reducing the number of susceptible individuals within the system, while also increasing 

the likelihood that resistant individuals remain on plants, but it is unknown how this may impact 

resistance allele ratios within a population. Furthermore, it is unlikely that individuals reestablish 

upon a plant, once on the ground (Terry et al. 1989). The production of fifth instars from three-

toxin Bt varieties is cause for alarm, and diligent monitoring for increased larvae production from 

cotton expressing Vip3A toxins is critical. Complex interactions between bollworm behavior and 

Bt expression within cotton plants requires constant monitoring to understand what behaviors exist 

currently and how changes to those behaviors over time may impact bollworm survival and control 

in the future. 
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Table 3.1 2016 and 2017 egg numbers on cotton plants. DP= Deltapine variety; ST= Stoneville variety; Egg mean and standard error (±SE) per cotton plant. The main effects of 

week and Bt non-Bt/ Bt toxin pyramid were significant, while the interaction of week and non-Bt/ Bt toxin pyramid was not significant for egg numbers per plant during either 

2016 or 2017. Means within a column that share the same letter are not different. 
 Mean eggs per plant ±SEM 

Bt toxin pyramid Year  Week Year 

 2016 2017   2016 2017 

Non-Bt 1.3 ±0.4B   7.6 ±2.5C  1 5.8 ±2.0A 23.0 ±4.6A 

Cry1Ac+Cry2Ab+Vip3A 3.2 ±1.0AB 16.4 ±4.9A  2 3.2 ±1.0B 25.0 ±6.7A 

Cry1Ac+Cry2Ab (DP) 2.0 ±0.7AB 13.9 ±2.5AB  3 2.9 ±1.1B   4.8 ±1.6B 

Cry1Ac+Cry2Ab (ST) 3.6 ±1.0A   9.6 ±2.5BC  4 0.4 ±0.2C   4.9 ±1.4B 

Cry1Ab+Cry2Ae 4.9 ±2.1A 12.8 ±3.1AB  5    4.6 ±1.3B 

Cry1Ab+Cry2Ae+Vip3A - 14.6 ±2.0AB  

Cry1Ac+Cry1F 3.3 ±1.4AB 14.4 ±5.1ABC  

Cry1Ac+Cry1F+Vip3A 3.4 ±0.8A 10.4 ±2.4AB  
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Table 3.2 2016 first through fifth instar number on cotton plants. DP= Deltapine variety; ST= Stoneville variety; Larval mean and standard error (±SE) per plant. Interactions of 

date and non-Bt/ Bt toxin pyramid were significant for each larval stage. Main effects of non-Bt/ Bt toxin pyramid which were significant within individual weeks were determined 

by a partition of the interaction by date and mean separation procedure was performed on those weeks. Means within a column and bollworm stage which share the same letter are 

not different. 

Non-Bt and Bt toxin pyramid Mean first instars per plant ±SE  Mean second instars per plant ±SE 

 Week 1 Week 2 Week 3 Week 4  Week 1 Week 2 Week 3 Week 4 

Non-Bt 17.0 ±3.9A 3.8 ±1.9 0.0 ±0.0 0.8 ±0.5  0.5 ±0.3 4.0 ±0.7A 0.0 ±0.0 1.8 ±0.5A 

Cry1Ac+Cry2Ab+Vip3A   3.3 ±1.0B 0.8 ±0.5 0.5 ±0.5 0.3 ±0.3  0.0 ±0.0 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0B 

Cry1Ac+Cry2Ab (DP)   4.5 ±1.8B 0.5 ±0.5 0.0 ±0.0 0.3 ±0.3  0.0 ±0.0 0.5 ±0.3BC 0.5 ±0.5 0.8 ±0.5AB 

Cry1Ac+Cry2Ab (ST)   4.0 ±0.9B 0.8 ±0.5 0.0 ±0.0 0.0 ±0.0  0.3 ±0.3 0.0 ±0.0C 0.8 ±0.5 1.3 ±0.5AB 

Cry1Ab+Cry2Ae   5.3 ±1.8AB 1.3 ±0.3 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0 0.5 ±0.5C 1.0 ±0.4 1.5 ±0.7AB 

Cry1Ac+Cry1F   4.3 ±0.6B 1.5 ±0.7 0.0 ±0.0 0.0 ±0.0  0.8 ±0.5 2.3 ±0.5AB 1.5 ±0.7 2.8 ±0.9A 

Cry1Ac+Cry1F+Vip3A   4.3 ±1.6B 0.3 ±0.3 0.0 ±0.0 0.3 ±0.3  0.0 ±0.0 0.5 ±0.5C 0.3 ±0.3 0.0 ±0.0B 

          

 Mean third instars per plant ±SE  Mean fourth instars per plant ±SE 

Non-Bt 0.8±0.3 8.5 ±1.0A 0.8 ±0.5 1.0 ±0.4  0.3 ±0.3 5.0 ±1.1A 1.8 ±.6AB 0.3 ±0.3 

Cry1Ac+Cry2Ab+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 

Cry1Ac+Cry2Ab (DP) 0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3 0.3 ±0.3  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0 0.0 ±0.0B 0.5 ±0.5 0.8 ±0.5  0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3BC 0.0 ±0.0 

Cry1Ab+Cry2Ae 0.0 ±0.0 0.3 ±0.3B 0.3 ±0.3 0.5 ±0.3  0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3BC 0.0 ±0.0 

Cry1Ac+Cry1F 0.0 ±0.0 0.8 ±0.5B 1.5 ±0.7 0.3 ±0.3  0.0 ±0.0 0.3 ±0.3B 1.0 ±.01A 0.8 ±0.5 

Cry1Ac+Cry1F+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3 0.0 ±0.0  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 

   

 Mean fifth instars per plant ±SE  

Non-Bt 0.0 ±0.0 1.8 ±1.6A 2.8 ±1.3A 0.8 ±0.5  

Cry1Ac+Cry2Ab+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0  

Cry1Ac+Cry2Ab (DP) 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.3 ±0.3  

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.8 ±0.5  

Cry1Ab+Cry2Ae 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.8 ±0.5  

Cry1Ac+Cry1F 0.0 ±0.0 0.3 ±0.3B 0.3 ±0.3B 0.8 ±0.8  

Cry1Ac+Cry1F+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0  
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Table 3.3 2017 first through fifth instar numbers on cotton plants. DP= Deltapine variety; ST= Stoneville variety; Larval mean and standard error (±SEM) per plant. Interactions 

of date and non-Bt/ Bt toxin pyramid were significant for each larval stage. Main effects of non-Bt/ Bt toxin pyramid which were significant within individual weeks were determined 

by a partition of the interaction by date and mean separation procedure was performed on those weeks. Means within a column and bollworm stage which share the same letter are 

not different.  

Bt toxin pyramid Mean first instars per plant ±SE  Mean second instars per plant ±SE 

 Week 1 Week 2 Week 3 Week 4 Week 5  Week 1 Week 2 Week 3 Week 4 Week 5 

Non-Bt 6.0±1.5 6.0±2.1 0.0 ±0.0 0.5±0.5 0.3±0.3  6.5±1.3A 6.0±1.1A 4.8±0.9A 1.8±0.5 0.0 ±0.0 

Cry1Ac+Cry2Ab+Vip3A 2.0±0.9 2.3±0.9 0.3±0.3 0.3±0.3 0.0 ±0.0  0.3±0.3B 0.0 ±0.0C 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0 

Cry1Ac+Cry2Ab (DP) 2.3±0.6 8.5±1.2 1.3±0.3 1.54±0.9 0.3±0.3  0.0 ±0.0B 0.5±0.5BC 2.5±1.0AB 1.3±1.0 0.0 ±0.0 

Cry1Ac+Cry2Ab (ST) 3.0±1.2 6.0±1.2 0.5±0.3 0.8±0.5 0.0 ±0.0  0.0 ±0.0B 1.3±1.0BC 2.0±0.4AB 1.5±0.9 0.3±0.3 

Cry1Ab+Cry2Ae 1.8±0.8 5.8±1.8 0.5±0.3 0.5±0.3 0.0 ±0.0  0.0 ±0.0B 0.5±0.5BC 1.8±0.8ABC 1.3±0.5 0.0 ±0.0 

Cry1Ab+Cry2Ae+Vip3A 1.8±0.5 3.8±0.5 0.3±0.3 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0 

Cry1Ac+Cry1F 1.5±0.5 19.8±8.5 0.8±0.5 0.0 ±0.0 0.3±0.3  0.0 ±0.0B 2.5±0.7AB 5.0±0.6A 1.0±0.4 0.3±0.3 

Cry1Ac+Cry1F+Vip3A 2.8±0.9 6.8±1.9 0.0 ±0.0 0.5±0.5 0.0 ±0.0  0.0 ±0.0B 0.5±0.3BC 0.3±0.3BC 0.0 ±0.0 0.0 ±0.0 

            

 Mean third instars per plant ±SE  Mean fourth instars per plant ±SE 

Non-Bt 1.0±0.4 6.8±1.3A 6.3±0.5A 0.8±0.5 0.0 ±0.0  0.5±0.3 4.5±1.2A 3.0±0.6A 0.8±0.3AB 0.3±0.3 

Cry1Ac+Cry2Ab+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0 

Cry1Ac+Cry2Ab (DP) 0.0 ±0.0 0.0 ±0.0B 0.8±0.5BC 2.0±0.8 0.5±0.5  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 1.5±0.7AB 1.0±0.5 

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0 0.8±0.3B 2.0±0.7BC 1.8±0.8 0.5±0.3  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 1.5±0.7AB 0.5±0.3 

Cry1Ab+Cry2Ae 0.0 ±0.0 0.3±0.3B 1.8±0.6BC 1.8±0.6 0.5±0.5  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 2.0±0.6A 0.5±0.5 

Cry1Ab+Cry2Ae+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.3±0.3AB 0.0 ±0.0 

Cry1Ac+Cry1F 0.3±0.3 0.8±0.5B 2.8±1.1AB 1.5±0.7 0.3±0.3  0.0 ±0.0 0.3±0.3B 0.0 ±0.0B 0.8±0.5AB 0.5±0.5 

Cry1Ac+Cry1F+Vip3A 0.0 ±0.0 0.3±0.3B 0.0 ±0.0C 0.0 ±0.0 0.0 ±0.0  0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0 

       

 Mean fifth instars per plant ±SE  

Non-Bt 0.0 ±0.0 3.5±1.9A 3.5±1.4A 2.5±0.3A 0.3±0.3AB  

Cry1Ac+Cry2Ab+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0B  

Cry1Ac+Cry2Ab (DP) 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.5±0.3BC 1.3±1.0AB  

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 1.0±0.6ABC 2.3±1.0A  

Cry1Ab+Cry2Ae 0.0 ±0.0 0.0 ±0.0B 0.3±0.3B 1.3±0.6ABC 0.8±0.5AB  

Cry1Ab+Cry2Ae+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.3±0.3B 0.0 ±0.0C 0.0 ±0.0B  

Cry1Ac+Cry1F 0.0 ±0.0 0.0 ±0.0B 0.3±0.3B 1.8±0.3AB 1.8±0.8AB  

Cry1Ac+Cry1F+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0B  

 

 

 

 

 

 

 

 



  140 

 

Table 3.4 2016 first instar larval numbers on sticky boards. DP= Deltapine variety; ST= Stoneville variety; First instar mean and standard error (±SE) per cotton plant. The main 

effects of week and Bt non-Bt/ Bt toxin pyramid were significant, while the interaction of week and non-Bt/ Bt toxin pyramid was not significant for egg numbers per plant during 

either 2016 or 2017. Means within a column that share the same letter are not different.  

 Mean first instars per  

sticky board ±SE 

Bt toxin pyramid   Week  

Non-Bt   9.7 

±4.4B 

 1 28.7 

±6.2A 
Cry1Ac+Cry2Ab+Vip3A 13.4 

±6.5AB 

 2   8.2 

±2.7B 
Cry1Ac+Cry2Ab (DP) 10.4 

±3.2AB 

 3 11.4 

±5.3B 
Cry1Ac+Cry2Ab (ST) 14.1 

±3.9A 

 4   6.0 

±1.4B 
Cry1Ab+Cry2Ae 13.1 

±2.1A 

 5   7.7 

±4.3B 
Cry1Ac+Cry1F 11.9 

±2.6A 
Cry1Ac+Cry1F+Vip3A 14.3 

±5.2A 

 

 

 

 

Table 3.5 2017 first through fifth instar bollworm larval numbers on sticky boards. DP= Deltapine variety; ST= Stoneville variety; Larval mean and standard error (±SE) per 

plant. Interactions of date and non-Bt/ Bt toxin pyramid were significant for each larval stage. Main effects of non-Bt/ Bt toxin pyramid which were significant within individual 

weeks were determined by a partition of the interaction by date and mean separation procedure was performed on those weeks. Means within a column and bollworm stage which 

share the same letter are not different. a Fourth instars on sticky boards were only influenced by the main effect of Bt toxin pyramid during 2017. 

Bt toxin pyramid 

Mean first instars per 

sticky board ±SE 

Mean second instars per 

sticky board ±SE 

Mean third instars per 

sticky board ±SE 

Mean fourth instars per 

sticky board ±SE a 

Mean fifth instars per  

sticky board ±SE 

 Week 1 Week 2 Week 1 Week 2 Week 1 Week 2  Week 1 Week 2 

Non-BT 7.6 ±1.1 0.0 ±0.0 10.3 ±1.5A 1.6 ±0.3 8.6 ±1.0A 3.4 ±0.6A 3.6 ±0.9A 0.9 ±0.2A 4.8 ±0.8A 

Cry1Ac+Cry2Ab+Vip3A 1.4 ±0.7 1.6 ±0.5 0.1 ±0.1C 0.6 ±0.3 0.0 ±0.0B 0.0 ±0.0C 0.5 ±0.5B 0.0 ±0.0B 0.0 ±0.0D 

Cry1Ac+Cry2Ab (DP) 5.1 ±1.9 2.5 ±0.9 1.0 ±0.4BC 2.1 ±0.9 0.1 ±0.1B 0.8 ±0.3BC 0.5 ±0.3B 0.0 ±0.0B 0.9 ±0.2BC 

Cry1Ac+Cry2Ab (ST) 2.0 ±1.2 1.8 ±0.7 1.1 ±0.5BC 1.6 ±0.6 0.5 ±0.4B 1.0 ±0.3BC 0.3 ±0.2B 0.0 ±0.0B 0.9 ±0.3BCD 

Cry1Ab+Cry2Ae 4.1 ±1.4 0.1 ±0.1 1.4 ±0.6BC 0.9 ±0.5 0.0 ±0.0B 1.0 ±0.4BC 0.7 ±0.2B 0.0 ±0.0B 1.4 ±0.3BC 

Cry1Ab+Cry2Ae+Vip3A 2.5 ±1.0 1.6 ±0.6 0.00 ±0.0C 0.5 ±0.4 0.1 ±0.1B 0.4 ±0.3C 0.2 ±0.2B 0.0 ±0.0B 0.4 ±0.2CD 

Cry1Ac+Cry1F 5.8 ±1.7 3.0 ±1.0 4.5 ±1.1AB 3.3 ±0.8 0.6 ±0.2B 1.8 ±0.5AB 0.6 ±0.2B 0.0 ±0.0B 2.4 ±0.4AB 

Cry1Ac+Cry1F+Vip3A 1.9 ±1.2 2.5 ±0.9 0.8 ±0.4C 1.8 ±0.6 0.3 ±0.3B 0.6 ±0.3BC 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0D 

 

 

 

 

 



  141 

 

Table 3.6 2016 larval numbers on sticky boards. DP= Deltapine variety; ST= Stoneville variety; Larval mean and standard error (±SE) per plant. Interactions of date and non-Bt/ 

Bt toxin pyramid were significant for each larval stage. Main effects of non-Bt/ Bt toxin pyramid which were significant within individual weeks were determined by a partition of 

the interaction by date and mean separation procedure was performed on those weeks. Means within a column and bollworm stage which share the same letter are not different. 

Bt toxin pyramid Mean second instars per sticky board ±SE  Mean third instars per sticky board ±SE 

 Week 1 Week 2 Week 3 Week 4 Week 5  Week 1 Week 2 Week 3 Week 4 Week 5 

Non-Bt 3.5 ±0.5A 25.0 ±5.0A 12.5 ±2.5A 2.8 ±0.8AB 1.5 ±0.5A  4.0 ±3.0A 18.0 ±5.0A 8.0 ±3.0A 2.8 ±0.5A 3.3 ±0.6A 

Cry1Ac+Cry2Ab+Vip3A 0.3 ±0.3AB   0.0 ±0.0C   0.0 ±0.0C 0.3 ±0.3B 0.0 ±0.0B  0.0 ±0.0B   0.0 ±0.0C 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0B 

Cry1Ac+Cry2Ab (DP) 0.3 ±0.3AB   0.7 ±0.3BC   0.7 ±0.3BC 1.5 ±0.7AB 1.0 ±0.4AB  0.0 ±0.0B   0.0 ±0.0C 0.0 ±0.0B 0.3 ±0.3B 0.0 ±0.0B 

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0B   1.3 ±0.9BC   0.3 ±0.3BC 2.8 ±0.6AB 1.8 ±0.5AB  0.0 ±0.0B   0.0 ±0.0C 0.0 ±0.0B 0.8 ±0.5AB 0.3 ±0.3B 

Cry1Ab+Cry2Ae 0.0 ±0.0B   1.3 ±0.9BC   1.0 ±0.6BC 5.3 ±2.3A 2.3 ±1.0AB  0.0 ±0.0B   0.0 ±0.0C 0.0 ±0.0B 0.8 ±0.3AB 0.5 ±0.5B 

Cry1Ac+Cry1F 1.3 ±1.3AB   3.3 ±0.7B   2.3 ±0.7B 1.8 ±1.1AB 1.3 ±0.5AB  0.0 ±0.0B   1.0 ±0.1B 0.7 ±0.3B 0.8 ±0.8B 0.3 ±0.3B 

Cry1Ac+Cry1F+Vip3A 0.3 ±0.3AB   0.7 ±0.7BC   0.3 ±0.3BC 0.8 ±0.3AB 0.8 ±0.5AB  0.0 ±0.0B   0.0 ±0.0C 0.0 ±0.0B 0.5 ±0.3B 0.3 ±0.3B 

            

 Mean fourth instars per sticky board ±SE  Mean fifth instars per sticky board ±SE 

Non-Bt 0.0 ±0.0 3.0 ±1.0A 4.0 ±1.0A 0.8 ±0.3 1.5 ±0.3A  0.0 ±0.0 2.0 ±0.1 4.0 ±1.0A 2.5 ±0.7A 0.8 ±0.5 

Cry1Ac+Cry2Ab+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0 0.0 ±0.0B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 

Cry1Ac+Cry2Ab (DP) 0.0 ±0.0 0.3 ±0.3B 0.0 ±0.0B 0.0 ±0.0 0.0 ±0.0B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3BC 0.0 ±0.0 

Cry1Ac+Cry2Ab (ST) 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0 0.3 ±0.3B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 

Cry1Ab+Cry2Ae 0.0 ±0.0 0.0 ±0.0B 0.3 ±0.3B 0.3 ±0.3 0.0 ±0.0B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 0.5 ±0.3BC 0.3 ±0.3 

Cry1Ac+Cry1F 0.0 ±0.0 0.3 ±0.3B 0.7 ±0.3B 0.3 ±0.3 0.0 ±0.0B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 1.5 ±0.5AB 0.5 ±0.3 

Cry1Ac+Cry1F+Vip3A 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0B 0.0 ±0.0 0.0 ±0.0B  0.0 ±0.0 0.0 ±0.0 0.0 ±0.0B 0.0 ±0.0C 0.0 ±0.0 
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Table 3.7 Regression statistics for relationship between bollworm larvae on-plant numbers and larval numbers on sticky boards from non-Bt and Bt toxin pyramids. a 

Analysis of covariance was performed comparing slopes between years and among non-Bt and Bt toxin pyramids within a larval stage. Differences between years were minimal and 

data were combined across years. Slopes of dispersal for first and fifth instars were not different; hence, the regression of combined non-Bt and Bt toxin pyramids for those stages.   
Non-Bt Cry1Ac+Cry2Ab

+Vip3A 

Cry1Ac+ 

Cry2Ab (DP) 

Cry1Ac+ 

Cry2Ab (ST) 

Cry1Ab + 

Cry2Ae 

Cry1Ab+Cry2Ae

+Vip3A 

Cry1Ac + 

Cry1F 

Cry1A+Cry1F 

+Vip3A 

Combined 

df  1,20 1,20 1,20 1,20 1,20 1,6 1,20  1,158a 

First F   
    

  15.72 

instar P   
    

  0.0001  
R2   

    
  0.0847  

Slope   
    

  0.3692  
Intercept   

    
  0.6162   

  
    

   

Second F 10.86 0.19 0.04 0.14 12 0.29 22.47 0.28  

instar P 0.004 0.6679 0.8343 0.7138 0.0025 0.6069 0.0001 0.6044   
R2 0.3416 -0.0401 -0.0476 -0.0428 0.3437 -0.1121 0.5055 -0.0357   
Slope 0.8371 -0.0307 -0.0462 0.0917 0.8688 -0.1448 0.8729 0.0815   
Intercept 0.2975 0.0299 0.2151 0.2084 0.1975 0.0792 0.0443 0.2019    

  
    

   

Third F 8.48 92.77 1.65 3.49 0.86 . 8.51 34.25  

instar P 0.0093 <0.0001 0.213 0.0763 0.3653 
 

0.0085 <0.0001   
R2 0.2825 0.8138 0.0302 0.1062 -0.0068 

 
0.2635 0.6129   

Slope 0.7198 0.8448 0.2185 0.4262 -0.2554 
 

0.5069 0.5518   
Intercept 0.2879 0.0084 0.0529 0.1291 0.1784 

 
0.0721 0.0637  

           
Fourth F 4.52 178.39 42.35 52.07 120.77 0.66 9.46 0.58  

instar P 0.0477 <0.0001 <0.0001 <0.0001 <0.0001 0.4473 0.006 0.4566   
R2 0.1561 0.8941 0.6632 0.7086 0.8508 -0.0509 0.2871 -0.0206   
Slope 0.3914 0.6939 0.5464 0.9038 0.919 0.152 0.5341 0.3218   
Intercept 0.1725 0.0154 0.0236 0.0395 0.0318 0.0912 0.0285 0.073    

  
    

   

Fifth F   
    

  29.35a 

instar P   
    

  <0.0001  
R2   

    
  0.1513  

Slope   
    

  0.3567  
Intercept   

    
  0.0875 


