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Foliar insecticides are important for bollworm, Helicoverpa zea (Boddie), management in
cotton. experiments were conducted to evaluate the current action thresholds and oviposition
preferences for bollworm in Bt cottons. Number of insecticide applications varied across Bt
technologies. Bollgard 3 required fewer sprays than Bollgard II and non-Bt. Few differences
were observed between an egg threshold and damage threshold except on non-Bt cotton. On
non-Bt cotton, the damage threshold resulted in greater yields than the egg threshold. A second
experiment highlighted the importance of timely insecticide applications for managing bollworm
populations in Bollgard II cotton. Although diamides provide long residual control, this
experiment showed that sprays can be made to early. The last experiment determined if
oviposition varied throughout the plant canopy. Eggs laid on the top 3 nodes was correlated with
the total eggs. These results will be important for improving current IPM programs for
bollworms in cotton.
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CHAPTER I
INTRODUCTION
Introduction to Cotton
Gossypium is one of the most complex and economically important crops worldwide
(Rost 1998). Several species of Gossypium are used for cultivation around the world (Fryxell
1986), but the most commonly cultivated species in the United States is upland cotton,
Gossypium hirsutum (L.), (Rost 1998, Ritchie et al. 2004). Upland cotton is an indeterminate
perennial shrub that will continue to grow until it is killed by a stress factor such as a freeze or
drought (Mauney 1986, Ritchie et al. 2004). Although cotton is a perennial plant, it is managed
as an annual crop so the maximum production level of seed and lint can be achieved within a
single year (Ritchie et al. 2004). Cotton production has fluctuated over the past few years on both
the national and state level. Cotton planted in the U.S. totaled 4,906,777 ha in 2020, down from
5,562,958 hectares in 2019. The total production in Mississippi was 287,550 ha in 2019 and
decreased to 210,600 hectares in 2020 (USDA/NASS). A total of 1.6 million bales of cotton
were produced in MS during 2019. Cotton is an important agricultural commodity in the state,
and ranked fourth, behind poultry, forestry, and soybeans based on total production estimates
(MDAC 2020).
Plant emergence usually occurs four to 14 days after the seed is planted depending on
temperature. Once the cotyledons emerge, they separate and reveal the growing point of the plant
and allow that plant to start vegetative growth. The cotyledons produce energy through the
1

process of photosynthesis until the emergence of the meristem (Ritchie et al. 2004). The apical
meristem of a cotton plant is the site of all growth, both vegetative and reproductive. Until the
first true leaf stage, root growth accounts for the majority of the plant’s development (Ritchie et
al. 2004, Mauney 2012). Main stem leaves are the initial vegetative structures found on the plant
and subtending leaves are produced by the fruiting branch. Leaves are attached to the stems by a
petiole. These leaves and branches are produced from nodes at an average of one node every
three days, this is referred to as the vertical fruiting interval (Ritchie et al. 2004). As fruiting
branches form, they produce flower buds (squares). As a square grows, it develops into a white
flower (Ritchie et al. 2004). The white flower is pollinated the first day of anthesis, the next day
the flower turns pink and then dark pink or red on the third day (Ritchie et al. 2004). Five to
seven days after the flower is produced it will dry down and fall off. A dried flower bloom is
often referred to as a bloom tag. The effective flowering stage of cotton lasts around six weeks
(Ritchie et al. 2004). After a flower is pollinated, a boll starts to form and requires approximately
50 days to open under good conditions (Ritchie et al. 2004). There are three stages of boll
development, this includes boll enlargement, filling, and maturation. In the enlargement stage,
during a three-week period, the fibers are lengthened, and the bolls reach the final volume.
During the filling stage, final fiber length has been achieved, and a secondary wall is formed on
them. In the maturation stage, the boll grows to its final shape and size, the seeds and fiber reach
full maturity, the boll wall dries down and eventually splits open where it will continue to dry
until it is harvested (Ritchie et al. 2004).
Introduction to Bollworm
The bollworm, Helicoverpa zea (Boddie), is a lepidopteran pest in the family Noctuidae
(Borrer et al. 1989). Bollworm can range in location from South America, across North America,
2

and into to parts of Canada and Alaska but normally cannot overwinter in colder climates (Fitt
1989, Capinera 2000, Bergvinson 2005). Although this pest is polyphagous and can be found on
a large variety of host plants, early generations of bollworm will start out in species such as
clover and move to agronomic crops during later generations as the season progresses
(Stadelbacher 1980). Bollworm are known to prefer corn and grain sorghum over other crops
when available but can be found on a variety of host crops (Fitt 1998, Capinera 2001).
Bollworm goes through complete metamorphosis, going from an egg stage, to a larval
stage before pupating and emerging as an adult moth. The bollworm life cycle lasts around 30
days and can have as few as one generation in more northern locations to as many as seven
generations in more southern locations such as Florida and South Texas (Capinera 2001). Eggs
are laid singly, and a female can deposit from 1,000 to 1,500 eggs within a few days (Fitt 1998,
Capinera 2001). Eggs typically hatch in 3- 4 days, depending on the temperature, as a light green
color then turn more gray as they age (Barber 1936, Capinera 2001).

Bollworm as a Pest in Cotton
Bollworm is one of the most economically damaging pests throughout North and South
America when considering possible crop loss (Neunzig 1963, Bergvinson 2005). Recent studies
show that bollworm moths oviposit eggs in the top 1/3 of the cotton plant around the terminal
and newer growth in early stages of plant development (Hillhouse and Pitre 1976, Gore et al.
2000, Torres and Ruberson 2006, Braswell et al. 2019). Newly hatched larvae will feed close to
the plant terminal on tissues or small fruiting structures and may move down the plant as they
grow and move to larger squares and eventually bolls. At later stages of cotton growth
(flowering), bollworm moths will deposit eggs lower in the canopy on leaves, white flowers,
3

square bracts, and bloom tags. These larvae tend to feed on the bolls and flowers of the plant,
frequently causing the abscission of those structures (Gore et al. 2000). H. zea larvae have a
preference for squares, bolls, and flowers in all parts of the plant, and this is not dependent on
where the eggs are oviposited (Fye 1972, Braswell et al. 2019). In a study conducted by Farrar
and Bradley (1985), larvae from Heliothis preferred white flowers and small bolls with the
bloom tag (dried flower) attached in conventional cotton varieties, but bollworm larvae had a
greater preference for white flowers over small fruiting structures (Farrar and Bradley 1985,
Gore et al. 2001). This preference for reproductive plant tissues could be because flowers have
more nutrition than other parts of the plant, or because they produce less secondary plant
chemicals when compared to the rest of the plant (Hedin et al. 1983, Gore et al. 2001).
During the early stage of squaring, cotton has the ability to compensate for the loss of
squares which allows it to tolerate insect injury without yield loss (Graham et al. 1972, Chilcutt
et al 2003). Stewart et al (2001) found that square loss that occurred before bloom only reduced
yield when all cotton squares were removed from the plant. Cotton has the ability to withstand
more damage to squares and small bolls than it does with larger bolls, because the cotton plant
does not have as much energy invested in producing squares as it does in bolls (Stewart et al
2001, Chilcutt et al. 2003). The plants ability to withstand pest damage depends on the timing of
the damage, the severity of the damage, the maturity of the damaged structure, the plant cultivar,
and the environmental conditions (Chilcutt et al 2003).
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Control Methods in Cotton
Chemical Control
Insecticide applications remain a vital strategy for controlling bollworms in cotton. The
first use of pyrethroids for controlling bollworms in cotton was in 1978 (Stadelbacher 1990), but
the effectiveness of this insecticide class has since declined with an increase in resistance
(Stadelbacher 1990, Brickle 2001). Bollworm resistance is a reoccurring problem. Before
resistance to pyrethroids, resistance was observed to several chemical classes, such as
chlorinated hydrocarbons, organophosphates, and carbamates (Sparks 1981, Brown et al. 1998,
Graves et al. 1999, Gore et al. 2001, Jacobson et al. 2009, Adams et al. 2016). Over the past 20
years organophosphates and pyrethroids provided good control of most insect pests (Gore et al.
2001), but due to the over application, these classes of insecticides are currently less effective
and less consistent when applied to control H. zea (Gore et al. 2001, Hutchinson et al. 2007).
Pyrethroid resistance was reported first in Mississippi in 1990 and has since spread to several of
the surrounding states in the mid-south (Stadelbacher et al. 1990, Brown et al. 1998, Jacobson et
al. 2009). To combat this increased resistance, alternative management strategies were needed.
Transgenic Cotton
Transgenic cotton using Bacillus thuringiensis kurstaki (Berliner) Cry1Ac protein or Bt
was developed by Monsanto as Bollgard®. Bollgard was first commercially available in 1996 and
provided a more environmentally safe option to manage cotton pests (Brickle et al. 2001, Gore et
al. 2001). Bollgard expresses the Cry1Ac protein which is effective on lepidopteran pests, such
as the tobacco budworm Heliothis virescens (F.), and pink bollworm Pectinophora gossypiella
(Saunders), but not as effective against bollworm populations (Macintosh et al. 1990). The
adoption of Bollgard cotton increased from 749,000 hectares in 1996, to over 2 million hectares
5

in the first five years (Williams 1997, 2001, Gore et al. 2002). Bollgard cotton is highly effective
against the tobacco budworm and pink bollworm, but bollworm is more tolerant to these Bt
proteins (Gore et al. 2001, Braswell 2019). Since the introduction of Bt cotton, it has been
observed that if bollworm pressure is high for many days in a row or there is a mass egg lay at
one time, the application of a foliar insecticide may be needed to avoid economical damage
(Gore et al. 2001, 2002, Stewart et al. 2001). Live bollworm larvae have been found on Bt cotton
feeding mostly on white flowers and small bolls beneath bloom tags, although they were smaller
and did not develop as fast as larvae found in non Bt cotton (Brickle et al 2001, Gore et al. 2001,
2002).
Bollgard II cotton (Monsanto, St. Louis, MO), was released commercially in 2003. These
varieties expressed the Cry1Ac protein similar to Bollgard cotton, plus Cry 2Ab to improve
control of bollworm and other hard to control lepidopteran insects (Greenplate et al. 2000a,
Adamczyk et al. 2001, Jackson 2004, Gore et al. 2008). In research done by Greenplate et al.
(2000b), the levels of Cry1 and Cry2 proteins were measured in Bollgard II cotton and the levels
of Cry1 were ten times lower than those of Cry2 proteins. Even with the added Cry protein, some
bollworm larvae and damaged bolls can be observed in Bollgard II cotton (Jackson et al. 2003).
According to research by Gore et al. 2001, there were fewer surviving bollworms in Bollgard II
flowers than Bollgard flowers, but survival was still over 60 percent on Bollgard II flower
anthers. Some damage to bolls can occur in two gene cotton, such as Bollgard II, and is mainly
caused by small larvae that survive in the white flowers of cotton plants, but under normal
conditions do not feed or injure the plant after they have fed on the flower (Gore et al. 2003).
Bollgard 3 cotton was introduced in 2018 by Monsanto, and instead of using a third Cry
protein, it combines the two Cry proteins in Bollgard II with a new Vip3A protein. The Vip3A
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protein is a vegetative insecticidal protein produced during the vegetative phase of Bt instead of
during the reproductive phase like a crystalline (Cry) protein. This protein appears to have
relatively low sequence and structural homology with Cry 1 and Cry 2 proteins (Burkness et al.
2010, Yang et al. 2019). This results in unique binding sites found in the target host cells (Yang
et al. 2019). The differences between the Cry and Vip proteins in Bollgard technologies should
decrease the possibility of cross-resistance from insects. Additionally, stacking the different
technologies should decrease selection pressure and extend the longevity of this new technology
(Whitehouse et al. 2014). Vip proteins plus Cry proteins are currently used together in the
majority of Bt corn and cotton in the United States (Yang et al. 2019). Because most H. zea
populations in the U.S. are resistant to both Cry 1 and Cry 2 proteins, Vip3A is now the only
protein that controls H. zea effectively (Yang et al. 2019). The Vip3A proteins produced in Bt
corn and cotton are greater than 99 percent indistinguishable and because H. zea feeds on both
corn and cotton, the selection pressure could lead to a greater possibility of bollworms becoming
resistant to Vip proteins even though gene stacking is done to reduce the pressure (Whitehouse et
al. 2014, Yang et al. 2019).
Variation in Bt Expression
Bt expression in a cotton plant changes throughout the growing season and can also vary
among structures of the plant. As a cotton plant develops, the total amount of Cry1Ac protein
that is expressed declines (Greenplate 1999, Adamczyk et al. 2001, Gore et al. 2001). There is a
correlation between the different levels of Cry1Ac expression in the foliage of Bollgard cotton
varieties and the survival rates of several lepidopteran larvae (Adamczyk et al. 2000, 2001, Gore
et al. 2001). The expression of Cry1Ac is greater in the terminal than in the fruiting structures of
the plant (Greenplate 1999, Adamczyk et al. 2001, Gore et al. 2001). Bollworm larvae were more
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likely to survive on the anthers of flowers and squares and less likely to survive on the bracts of
flowers (Gore et al. 2001). Bollworm survival of > 88% has been observed on flower and square
anthers (Gore et al. 2001). With the introduction of Bollgard II cotton and the use of Cry2Ab
proteins, the insecticidal activity was greater than Cry1Ac alone (Gore et al. 2001).

Control Strategy for Bollworms in Cotton
According to the Mississippi State Insect Control Guide (Catchot et al. 2020), the
threshold for bollworm in cotton is different for non-Bt, Bollgard II, and other 2-gene cotton
varieties than it is for Bollgard 3 and other 3-gene cotton varieties. Throughout all cotton
varieties, the damage threshold is 6% fruit damage during any period (pre-bloom or post-bloom).
In non-Bt and Bollgard II varieties, the threshold is 8 larvae per100 plants (pre-bloom) and 4
larvae per100 plants (post-bloom). There is also the addition of an egg threshold, which is 20
eggs per 100 plants. In 3-gene cotton varieties, the pre-bloom threshold is the same as for Not-Bt
and Bollgard II varieties, but for Bollgard 3 post-bloom, the threshold is 4 larvae (≥0.32cm) per
100 plants. In one, two, and three gene cotton, an insecticide spray may need to be applied at 2%
boll damage with large numbers of larvae present and feeding (Catchot et al. 2020). Bt provides
excellent control of the tobacco budworm, but because bollworms are more resistant to these
proteins, an insecticide treatment may need to be applied if bollworm populations are high (Gore
et al. 2002, Catchot et al. 2020). Although two and three gene cotton has helped control
bollworms, they are not 100% effective and should still be scouted the same as Bollgard cotton
because it is not uncommon to find larval feeding in these varieties (Brickle et al. 2001, Gore et
al. 2002).
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Justification
Bollworm management in cotton relied heavily on foliar insecticide sprays until the
introduction of Bt cotton in the late 1990s. Since the introduction of genetically modified cotton
cultivars, Bt cotton has been the most common management strategy for bollworm and other
heliothine pests in cotton. Recently, the Cry proteins found in one and two-gene cotton have not
provided effective control of bollworm populations and supplemental applications of foliar
insecticides is common. The purpose of this research was to evaluate the management of
bollworms in cotton.
Objective 1: Evaluating current action thresholds for bollworm (Lepidoptera: Noctuidae)
on genetically modified Bt cotton.
Objective 2: Determining the impact of insecticide (Diamide) spray timings on
bollworms in cotton.
Objective 3: Distribution of bollworm eggs in cotton.

9
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CHAPTER II
EVALUATING CURRENT ACTION THRESHOLDS FOR BOLLWORM (LEPIDOPTERA:
NOCTUIDAE) ON GENETICALLY MODIFIED BT COTTON
Abstract
Field experiments were conducted in 2019 and 2020 in Stoneville, MS and Clarksdale,
MS to evaluate treatment thresholds for bollworm, Helicoverpa zea (Boddie), in Bt cotton
technologies. The experiments had two factors, variety (technology) and threshold. The varieties
included a non-Bt variety (Deltapine 1822XF), a two-gene cotton variety (Bollgard II, Deltapine
1646B2XF), and a three-gene cotton variety (Bollgard 3, Deltapine 1851 B3XFF). For each
variety there was a treatment threshold based on damage, a treatment threshold based on egg
counts, and an untreated control. Plots at both locations were scouted weekly during the bloom
stage for the presence of bollworm eggs, live larvae, and fruiting form injury. Ten plants from
each plot were scouted using a modified whole plant search. Chlorantraniliprole (Prevathon,
FMC Corporation, Philadelphia, PA) was applied at 0.075 kg/Ha to the plots that met or
exceeded the respective threshold, but no plots were sprayed in consecutive weeks. In 2019,
bollworm pressure was low at both locations, but in 2020 there was a significant increase in
bollworm pressure throughout both test locations which provided good egg, damage, and larval
numbers. Across both years and both locations, Bollgard 3 cotton provided effective control of
bollworms without foliar sprays. There was no difference in yields for Bollgard 3 cotton
managed using either threshold or Bollgard 3 cotton that was not sprayed for bollworm. Foliar
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sprays made an impact on Bollgard II cotton yields in Stoneville during 2020. Bollgard II cotton
managed using either threshold had higher yields than the unsprayed Bollgard II cotton, showing
that it was beneficial to spray for bollworms, but there were no differences between the egg
threshold and damage threshold. Non-Bt cotton managed using the egg and damage thresholds
had higher yields than untreated non-Bt cotton. Non-Bt cotton managed using the damage
threshold had higher yields than non-Bt cotton managed using the egg threshold in Stoneville
across both years. In general, it proved beneficial to plant a Bt cotton variety over a non-Bt
variety because there was less damage without a spray treatment in both Bollgard II and Bollgard
3 varieties.

Introduction
Bollworm, Helicoverpa zea (Boddie), and tobacco budworm, Heliothis virescens (F.), are
two of the most economically important heliothine pests of cotton in the U.S. because of yield
losses linked to the pest’s damage and the cost associated with their control (Williams 2007,
Bommireddy et al. 2007). Historically, use of synthetic foliar insecticides was the primary
method used to control heliothines until the introduction of Bollgard in 1996 (Graves et al. 1999,
Adams et al. 2001). Insecticides such as organophosphates, carbamates, chlorinated
hydrocarbons, and pyrethroids have become less effective at controlling pests of cotton, such as
the bollworm, mostly due to resistance development because of their extensive use (Sparks 1981,
Brown et al. 1998, Graves et al. 1999, Gore et al. 2001, Jacobson et al. 2009, Adams et al. 2016).
To combat this increased resistance, Bollgard cotton (Bollgard®, Monsanto Company, St. Louis,
MO), was released commercially in 1996 as part of a new integrated pest management strategy.
Bollgard cotton was genetically modified to express the Cry1Ac protein from Bacillus
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thuringiensis kurstaki Berliner, a soil bacterium (Perlak et al. 2001, Gore et al. 2001, 2002,
2008). Bollgard, (Bt), cotton provided an environmentally safe alternative to synthetic
insecticides while still providing good control of several lepidopteran pests (Gore et al. 2002).
Since its introduction, the area planted to Bt cotton in the U.S. increased from just under 15% in
1996 to over 80% in 2016 and the number of foliar insecticide applications decreased (Williams
1996, Williams 2016, USDA/NASS 2017a, Reisig et al. 2018) (https://www.nass.usda.gov/).
Although Bollgard cotton provides effective control of tobacco budworm and pink bollworm,
supplemental insecticide sprays are often needed for bollworm to prevent economic losses
(Stewart et al. 2001, Leonard et al. 2001, Gore et al. 2002).
Expression of the Cry proteins varies among different plant parts and decreases
throughout the plant later in the season (Adamczyk et al. 2001, Gore et al. 2001, Bommireddy
2007). For example, expression levels of Cry1Ac are greater in leaves and squares than flowers
and bolls (Adamczyk et al. 2001, Gore et al. 2003). As a result, bollworms are able to survive in
white flowers better than other structures on the plant (Gore et al. 2001). Bt expression was also
found to be lower in older plant tissues found lower in the plant canopy which led to higher
bollworm numbers in that portion of the plant (Gore et al. 2001).
Because of inconsistent control of bollworm with Bollgard cotton, a new technology was
needed to improve control and aid insect resistance management efforts (Greenplate et al. 2003).
Bollgard II (Bollgard II®,Monsanto Company, St. Louis, MO), was introduced in 2003 to
improve control of bollworm and other lepidopteran pests. This cotton utilized the Cry1Ac
protein from Bollgard cotton plus a new Cry2Ab protein. The expression of Cry1Ac in Bollgard
II was similar to Bollgard, but expression of the Cry 2Ab protein was nearly 10 times higher than
Cry1Ac (Adamczyk et al. 2001). Bollgard II cotton provided more effective control of bollworm
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than Bollgard (Gore et al. 2001, Adamczyk et al. 2001), but the expression of the Cry1Ac and
Cry2Ab proteins still varied throughout different parts of the plant (Adamczyk and Meredith
2006). Although Bollgard II varieties provided better control of bollworm than Bollgard,
significant injury was still observed when populations were high and supplemental control was
needed in some situations (Reisig et al. 2018). In 2003, when Bollgard II was introduced, the
average number of insecticide applications to control bollworm was 1.035 applications at $22.99
per hectare. In 2019, due to increased resistance the, average number of applications made for
bollworm was 1.7 applications at $73.23 per hectare (Williams 2004, Cook and Threet 2019).
Foliar insecticide sprays are increasingly needed to control bollworms even in two-gene cotton
varieties (Gore et al. 2008). Because of that, Bollgard 3 was developed and released. Bollgard 3
cotton (Bollgard 3®, Monsanto Company, St. Louis, MO) produces the same Cry1Ac and
Cry2Ab proteins from Bollgard II cotton, but also produces the Vip3A protein from B.
thuringiensis that provides a different mode of action for controlling bollworm (Bommireddy
2007). The Vip3A protein in Bollgard 3 is produced during the vegetative phase of B.
thuringiensis, instead of during the reproductive phase like the Cry proteins (Whitehouse et al.
2014). The Vip3A protein was chosen for Bollgard 3 to minimize the possibility of insect crossresistance with the Cry proteins (McCaffery et al. 2005, Whitehouse et al. 2014). By stacking the
Vip3A protein with the two Cry proteins, selection pressure on those proteins should be reduced,
and could increase the lifetime of the Bollgard 3 technology (Whitehouse et al. 2014).
Bollworm thresholds in cotton have changed in the past few years with the introduction
of Bollgard 3 cotton varieties. The insect fruit damage threshold has increased from 5% to 6% in
non-Bt, Bollgard II, and Bollgard 3 as well as the addition of an egg threshold to non-Bt and
Bollgard II cotton. The decision to spray bollworms in cotton has been based on the economic
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threshold concept based on the economic injury level. The economic injury level is defined as
the pest population density that will result in yield loss equal to the cost of control (Stern et al.
1959). The economic injury level can vary depending on location, time of year, and commodity
prices (Stern et al. 1959). The economic threshold that determines when to spray is set
somewhere below the economic injury level to prevent the pest population from ever reaching
the economic injury level (Stern et al. 1959). Bollworm thresholds vary across technologies and
states but are normally based on live larvae of a certain size or the number of eggs found in 100
plants (Gore et al. 2008). Most thresholds for non-Bt cotton are the same as the thresholds for Bt
cotton (Luttrell 2012). The current action threshold in cotton is ≥ 8 larvae per 100 plants (prebloom) and 4 larvae per 100 plants (post-bloom) in both Bt and non-Bt cotton varieties, but after
cutout, the larval threshold goes back to 8/100 plants. Treatment is also suggested at 6% fruit
injury of any kind, whether it is before or after bloom in both non-Bt and Bt cotton. An egg
threshold of 20 eggs per 100 plants was added for non-Bt and 2-gene Bt varieties counting the
number of plants with eggs. This could be used in place of the damage threshold. In 3-gene
cotton after bloom, treatment is recommended when 4 larvae (≥0.32 cm) per 100 plants are
found. Treatment is also recommended when 2% boll damage occurs and larvae are present and
causing damage (Catchot et al. 2020). Egg thresholds are not recommended on 3-gene varieties
because the Vip3A technology is currently effective against newly hatched larvae. Use of an egg
threshold may result in unnecessary insecticide applications in 3-gene cotton. The objective of
this study was to validate and/or revise the current action thresholds for bollworms according to
the Mississippi State Insect Control Guide across non Bt, Bollgard II, and Bollgard 3 cotton
varieties and to determine if bollworm thresholds could be based on the damage or egg threshold
alone.
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Materials and Methods
A field experiment was conducted at the Delta Research and Extension Center in
Stoneville, MS and on a grower’s farm near Clarksdale, MS during the 2019 and 2020 growing
seasons. The plot size in these tests (2020 Clarksdale and 2019/2020 Stoneville) were four rows
wide with 1.02 m row spacing and were 12.2 m in length with a 3.05 m alley separating
replications. In 2019, the Clarksdale field study plots were 15.24 m in length with a 1.52 m alley
separating replications. This was done to accommodate the layout of existing tests in the field.
Each test consisted of nine treatments with four replications, totaling 36 plots. The treatments
were arranged as a 3x3 factorial within a randomized complete block design with four
replications. The two factors were cotton variety/technology and spray treatment. The cotton
varieties included non-Bt (Deltapine 1822XF), Bollgard II (Deltapine 1646B2XF), and Bollgard
3 (Deltapine 1851B3XF) varieties (Bayer Cropscience, St. Louis, MO). For each variety there
was an untreated control, 20% egg threshold, and 5% damage threshold treatment for each
replication. In 2019, the Clarksdale and the Stoneville tests were planted on 29 May and 4 June,
respectively. In 2020, Clarksdale and Stoneville were planted on 14 May and 6 May,
respectively. All tests were planted at a rate of 12.5 seed per meter row.
After tests were planted, all plots received a pre-emergence application of fluometuron
(Cotoran 4L ®, Adama Group Company, Raleigh, NC), S-metolachlor (Dual Magnum®,
Syngenta Crop Protection, Greensboro, NC), and pyrithiobac sodium (Staple LX®, Dupont,
Wilmington, DE) to minimize weeds. All plots were fertilized with 322.46 L/ha of 32% liquid
UAN using a 3-point coulter fertilizer applicator. A second application of fluometuron, Smetolachlor, and pyrithiobac sodium was applied as a lay-by spray while plowing the row
middles with a row crop cultivator to allow for easier irrigation flow as well as to minimize weed
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populations. Throughout the growing season, mepiquat chloride (Mepiquat®, Loveland
Products, Inc, Greeley, CO) was applied as a plant growth regulator to maintain the cotton at a
manageable height. Applications of bifenthrin (Sniper®, Loveland Products, Inc, Greeley, CO)
and acephate (Acephate 90 WDG®, Loveland Products, Inc, Greeley, CO) were made during
pre-flowering stages to minimize the impacts of tarnished plant bug, Lygus lineolaris (Palisot de
Beauvois), on cotton yields. Applications of oxamyl (Vydate®, Dupont, Wilmington, DE) and
sulfoxaflor (Transform®, Dow Agriscience, Indianapolis, IN) were made for tarnished plant bug
control once experiments were initiated during the flowering stage of cotton development. These
insecticides are not known to have activity against bollworm. All foliar spray applications were
made using either a John Deere 6700 or Mud Master (Bowman Mfg., Newport, AR) multipurpose sprayer applying product at a rate of 93.5L/ha.
After first bloom, the entire test area was monitored until bollworm eggs were present.
Once eggs were found, ten plants from each plot were sampled weekly for the presence of eggs,
damage, and live larvae using a modified whole plant search. The modified whole plant search
involved visually observing the terminal, which included the top three nodes of the cotton plant
for eggs and live larvae. After inspecting the terminal, the lower canopy was examined by
checking two to three squares per plant, looking at both the outside and the inside of the square
bracts for larval feeding holes and eggs, as well as, the actual square for larvae and damage.
Next, two to three bolls were examined per plant, preferably bolls with bloom tags (dried flower)
attached because the bloom tags are a preferred feeding site for larvae that hatched from eggs
oviposited on flowers (Brickle et al. 2001). The bloom tags were removed and examined for eggs
and larvae. After the bloom tag was examined, the boll was inspected for larval feeding holes.
Damaged bolls were dissected to check for larvae if no larvae were visible on the outside of the
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boll. A 0.075 kg ai/ha rate of chlorantraniliprole (Prevathon®, FMC Corporation, Philadelphia,
PA) was applied to plots that were at or above threshold. No plot was sprayed in consecutive
weeks. Current recommendations are that diamides should not be applied at < 14 day intervals,
therefore, diamide sprays are not recommended within 14 days of the last treatment.
Applications were based on the average of all four plots of a treatment on a particular date. For
the damage threshold, numbers of damaged squares and bolls were added together to determine
total fruiting form injury. The number of plants with at least one damaged fruiting form was
divided by the total number of plants and multiplied by 100. If that number was ≥5%, a spray
application was made. For the egg threshold, the number of plants with at least one egg was
divided by the total number of plants and multiplied by 100. If that number was ≥20%, a spray
application was made. Spray applications were made using a Mud Master (Bowman Mfg.,
Newport, AR) multi-purpose sprayer which applied product at 93.5L/ha.
Plots were harvested with a mechanical cotton picker with an on-board weigh system.
Seedcotton weights from the picker were converted to kilogram of lint per hectare. All data were
analyzed with a general linear mixed model analysis of variance (PROC GLIMMIX, SAS 9.4,
SAS Institute, Cary, NC). Variety, threshold, and the interactions between the two factors were
considered fixed effects. Replication and replication nested in year were considered random
effects for the yield model. Replication and replication nested in variety were considered random
effects for the damage models. Differences in LSMEANS were initially determined with
Tukey’s HSD, but this test failed to detect differences when the overall ANOVA suggested
differences among treatments did occur. As a result, LSMEANS were separated according to
Fisher’s protected LSD. A separate analysis was done for each location and year because site
year interacted with several other factors for yield and pest pressure varied greatly among
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locations and years. A separate analysis was done to evaluate the levels of square and boll
damage in non-Bt cotton across site years to quantify the differences in pest pressure.
Differences were considered significant at α=0.05.
Results
Influence of Site Year in Non-Bt Cotton
There was an effect of site year for square damage (F=49.82; df=3, 12; P< 0.01) and boll
damage (F=35.30; df=3, 9; P< 0.01) in non-Bt cotton. Cotton grown at the Stoneville location
during 2020 had greater square damage than cotton grown at Stoneville during 2019 or
Clarksdale during either year. Clarksdale 2019 was significantly different from Stoneville 2020,
but not Stoneville 2019 and Clarksdale 2020. Clarksdale 2020 was significantly different from
Stoneville 2019 and Stoneville 2020, but not Clarksdale 2019. Cotton grown at the Stoneville
location during 2020 had higher boll damage than cotton grown at Stoneville 2019 or Clarksdale
during either year, but no differences were observed between Stoneville 2019 and Clarksdale
during either year.
Stoneville 2019
For percent square damage, there was an effect of variety and spray treatment but there
was no interaction between those factors (Table 2.1). Bollgard II (4.17±0.75) and Bollgard 3
(1.50±0.78) cotton had less square damage than non-Bt cotton (19.17±3.08), but no differences
were observed between Bollgard II and Bollgard 3 cotton. For square damage across sprays,
cotton managed using the damage threshold (5.17±1.49) had less square damage than the
untreated control (11±3.71) but not cotton managed using the egg threshold (8.67±3.1). No
differences were observed between cotton managed using the egg threshold and the untreated
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control. For boll damage, there were effects of variety, but not spray and there was no interaction
between those factors (Table 2.1). Percent boll damage was different across all varieties, with
Bollgard 3 (0.33±0.22) having the least amount of boll damage, Bollgard II (3.67±1.1) having an
intermediate level of boll damage, and non-Bt (8.17±1.57) having the most boll damage. There
was a variety by spray interaction for cotton yield (Table 2.1). Non-Bt cotton managed using
either the damage threshold or egg threshold had greater yields than non-Bt cotton that was not
sprayed for bollworm (Fig. 2.1). Non-Bt cotton managed using the bollworm damage threshold
had greater yields than non-Bt cotton managed using the egg threshold. In contrast, no
differences in cotton yields were observed among spray treatments in either Bollgard II or
Bollgard 3.

Stoneville 2020
An interaction between variety and spray was observed for percent damaged squares
(Table 2.1). Non-Bt cotton managed using either the damage threshold or egg threshold had less
square damage than the non-Bt cotton that was not treated for bollworm (Fig. 2.2). Non-Bt
cotton managed using the damage threshold had less square damage than non-Bt cotton managed
using the egg threshold. Bollgard II cotton managed using the damage threshold had less square
damage than Bollgard II cotton that was not sprayed for bollworm, but not Bollgard II cotton
managed using the egg threshold (Fig. 2.2). No differences were observed between Bollgard II
cotton managed using the egg threshold and Bollgard II cotton that was not sprayed for
bollworm. In Bollgard 3 cotton, no differences were observed among spray treatments (Fig. 2.2).
For boll damage, there was an interaction between variety and spray (Table 2.1). Non-Bt cotton
managed using either the damage threshold or egg threshold had less boll damage than the non24

Bt cotton that was not sprayed for bollworm (Fig. 2.3). Non-Bt cotton managed using the
damage threshold had less boll damage than non-Bt cotton managed using the egg threshold.
Bollgard II cotton managed using the damage threshold was different from Bollgard II cotton
that was not sprayed for bollworm but was not different from Bollgard II cotton managed using
the egg threshold. Bollgard II cotton managed using the egg threshold was not different from
Bollgard II cotton that was not sprayed for bollworm. In Bollgard 3 cotton, no differences were
observed between spray treatments (Fig. 2.3).
There was a variety by spray interaction for cotton yield (Table 2.1). Non-Bt cotton
managed using either the damage threshold or egg threshold produced greater yields than non-Bt
cotton that was not sprayed for bollworm (Fig. 2.4). Non-Bt cotton managed using the bollworm
damage threshold produced greater yields than non-Bt cotton managed using the egg threshold.
Bollgard II cotton managed using either the damage threshold or egg threshold had greater yields
than non-Bt cotton that was not sprayed for bollworm (Fig. 2.4). No differences were observed
between cotton managed using the damage threshold and the egg threshold in Bollgard II cotton.
No yield differences were observed between spray treatments for Bollgard 3 cotton (Fig. 2.4).
Clarksdale 2019
For square damage there was no effect of spray or no interaction between variety and
spray, but there was an effect of variety (Table 2.1). Bollgard II (4.17±0.89) and Bollgard 3
(1.67±0.71) cotton had less square damage than non-Bt cotton (12.1±2.64). No differences were
observed between Bollgard II and Bollgard 3 cotton. For boll damage, there was an interaction
between variety and spray (Table 2.1). Non-Bt cotton managed using either the damage
threshold or egg threshold had less boll damage than the non-Bt cotton that was not sprayed for
bollworm (Fig. 2.5). No differences in boll damage were observed between the damage and egg
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thresholds in non-Bt cotton. No differences in boll damage were observed among spray
treatments in either Bollgard II or Bollgard 3 cotton (Fig. 2.5). There was no effect of spray and
no interaction between variety and spray, but there was an effect of threshold on cotton yield
(Table 2.1). Cotton managed using the damage threshold (1,817.46±53.65) or egg threshold
(1,797.58±59.85) had greater yields than cotton not sprayed for bollworm (1,646.22±44.44). No
differences were observed between cotton managed using the damage threshold or egg threshold.
Clarksdale 2020
For square damage, there was an interaction between variety and spray (Table 2.1). NonBt cotton managed using either the damage threshold or egg threshold had fewer damaged
squares than non-Bt cotton that was not sprayed for bollworm (Fig. 2.6). No differences in
square damage were observed between the damage threshold and egg threshold. No differences
in square damage were observed among spray treatments in either Bollgard II or Bollgard 3
cotton (Fig. 2.6). There was an interaction between variety and spray for boll damage (Table
2.1). Non-Bt cotton managed using either the damage threshold or egg threshold had fewer
damaged bolls than non-Bt cotton that was not sprayed for bollworm (Fig. 2.7). No differences in
boll damage were observed between the damage threshold and egg threshold in non-Bt cotton.
No differences in boll damage were observed among spray treatments in either Bollgard II or
Bollgard 3 cotton (Fig. 2.7). There was no interaction between variety and spray or an effect of
spray, but there was an effect of variety on cotton yields (Table 2.1). Bollgard II
(1,410.73±43.21) and Bollgard 3 (1,514.22±57.43) cotton had greater yields than non-Bt cotton
(1,160.09±40.62). No difference in yield was observed between Bollgard II and Bollgard 3
cotton.
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The number of sprays were different among varieties and thresholds across both years
and locations (F=9.0; df=5,15; P< 0.05). Non-Bt cotton managed using the bollworm damage
threshold required (2.0±0.28) sprays, which was more than all other treatments. Bollgard II
cotton managed using the damage threshold required (1.25±0.28) sprays. Bollgard II (0.5±0.28)
cotton managed using the egg threshold, and Bollgard 3 (0.5±0.28) cotton managed using the
egg threshold but was not different from non-Bt (0.75±0.28) cotton managed using the egg
threshold or Bollgard 3 (1.0±0.89) cotton managed using the damage threshold. Non-Bt
(0.75±0.28) cotton managed using the egg threshold and Bollgard 3 (1.0±0.28) cotton managed
using the damage threshold had significantly less sprays compared to non-Bt (2.0±0.28) cotton
managed using the damage threshold, but not from Bollgard II (0.5±0.28) or Bollgard 3
(0.5±0.28) cotton managed using the egg threshold.
Discussion
With the current integrated pest management strategy in cotton, foliar insecticides remain
an important component for protecting yields. Foliar insecticide sprays to control bollworm are
triggered by thresholds that are based on fruit injury, number of larvae present, or number of
eggs. The use of foliar insecticides and action thresholds for bollworm have become more
complicated since the introduction of transgenic Bt cotton. When comparing thresholds in nonBt cotton and Bollgard cotton, Gore et al. (1999) stated that if the action thresholds for both
varieties were the same, then the damage potential should be the same for both. They found that
a bollworm larva could damage an average of 3.5 fruiting structures on Bollgard cotton as
opposed to 6.6 fruiting structures on non-Bt cotton (Gore et al. 2002). This suggests that the
thresholds should be different for those varieties/technologies. The current thresholds (Egg,
damage, and larval) for bollworm in non-Bt cotton, 2-gene cotton, (Bollgard II, WideStrike, and
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TwinLink), and 3-gene cotton varieties (Bollgard 3, WideStrike 3, and TwinLink Plus) are
similar. The thresholds for non-Bt and 2-gene cotton are the same. The only difference for 3gene cotton currently there is no egg threshold. The larval threshold has a size requirement of
0.32 cm (1/8 inch) before treatment is recommended. This implies that Bollgard II cotton should
be managed more similar to non-Bt than Bollgard 3 cotton when controlling bollworm
populations.
The data collected during these experiments was highly variable throughout both
locations as well as between years. In 2019 and 2020 at both locations, the Vip3A Bt protein in
the Bollgard 3 variety, provided good control of bollworm without the need for foliar sprays,
even with the higher pressure experienced at Stoneville during 2020. Supplemental insecticide
applications to Bollgard 3 cotton, based on either threshold did not improve yield compared to
Bollgard 3 cotton that did not receive insecticide applications for bollworm. The use of foliar
sprays to control bollworm had an impact on yields of Bollgard II cotton at one location in one
year, at Stoneville during 2020, Bollgard II cotton managed using either spray threshold
produced greater yields than the unsprayed Bollgard II cotton. This showed that it was beneficial
to apply an insecticide, regardless of which threshold was used. For the non-Bt variety across
both years, there was a significant difference between thresholds. Non-Bt cotton managed using
the egg or damage thresholds produced greater yields than the untreated non-Bt cotton.
Additionally, non-Bt cotton managed using the damage threshold produced greater yields than
that managed using the egg threshold during both years at Stoneville. This is likely due to the
fact that the damage thresholds were triggered more often and were sprayed more than the egg
threshold.
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In general, it was more beneficial to plant a Bt variety over a non-Bt variety because
there was less damage without treatment in the Bollgard II and Bollgard 3 varieties.
Additionally, no differences were observed between thresholds in Bollgard 3. With Bollgard II,
there is a benefit to spraying, but the specific threshold used did not have an impact on cotton
yields. In non-Bt, using the damage threshold appears to be a better option than using the egg
threshold, but all sprays resulted in greater cotton yields than unsprayed non-Bt cotton. The
results of these experiments will be important for improving management recommendations for
bollworms in Bt cotton.
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Table 2.1

Analysis of Variance for percent square damage, percent boll damage, and cotton yield in Stoneville and Clarksdale
during 2019 and 2020 for variety, spray, and the interaction between variety and spray.

30

Figure 2.1

Interaction between cotton variety and treatment thresholds for mean ± SEM
cotton lint yields at Stoneville, MS during 2019. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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Figure 2.2

Interaction between cotton variety and treatment thresholds for mean ± SEM
square damage at Stoneville, MS during 2020. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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Figure 2.3

Interaction between cotton variety and treatment thresholds for mean ± SEM boll
damage at Stoneville, MS during 2020. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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Figure 2.4

Interaction between cotton variety and treatment thresholds for mean ± SEM
cotton lint yields at Stoneville, MS during 2020. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).

34

Figure 2.5

Interaction between cotton variety and treatment thresholds for mean ± SEM boll
damage at Clarksdale, MS during 2019. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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Figure 2.6

Interaction between cotton variety and treatment thresholds for mean ± SEM
square damage at Clarksdale, MS during 2020. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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Figure 2.7

Interaction between cotton variety and treatment thresholds for mean ± SEM boll
damage at Clarksdale, MS during 2020. Bars (± SEM) with the same letter
represent treatments that are not significantly different according to Fishers
Protected LSD (α=0.05).
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CHAPTER III
DETERMINING THE IMPACT OF INSECTICIDE (DIAMIDE) SPRAY TIMINGS ON
BOLLWORMS IN COTTON
Abstract
Field experiments were conducted in 2019 and 2020 in Stoneville, MS to determine the
impact of spray timings on bollworm populations in cotton. In this experiment, tests were planted
with Deltapine 1646B2XF (Bollgard II, Monsanto, St. Louis, MO). The test used four
replications with seven treatments per replication. The treatments were a chlorantraniliprole
(Prevathon®, FMC Corporation, Philadelphia, PA) spray during the first week of bloom through
fifth week of bloom with a weekly spray treatment and an untreated control. Cotton plots were
scouted weekly during the flowering stage of cotton development. The counts included egg,
damage, and live larval numbers for ten plants per plot using a modified whole plant search.
Across both years, percent boll damage was greater during week three than weeks one and two
of bloom, and no differences were observed between weeks three, four, and five. Boll damage
between weeks one, two, and five was not different. For spray treatments, percent boll damage
between plots sprayed during week five of bloom and the untreated control was higher than all
other spray timings. No differences were observed between plots sprayed during week five of
bloom and the untreated control. No differences in boll damage were observed between plots
sprayed during weeks one, two, three, four, or the weekly spray plots. Percent square damage
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was the greatest during week three of bloom and no differences were observed during weeks one,
two, four, and five.
Introduction
The bollworm, Helicoverpa zea (Boddie), is one of the most economically damaging
pests of cotton throughout the United States because of the associated yield losses and cost of
control (Williams 2007, Bommireddy 2007, Luttrell 2012). Until the mid-1990s, foliar
insecticides were the primary control strategy for bollworm and tobacco budworm, Chloridea
virescens (F.), and provided effective control. The extensive use of some insecticides created
resistance and sporadic control with pyrethroids, carbamates, organophosphates, and chlorinated
hydrocarbons (Sparks 1981, Brown et al. 1998, Graves et al. 1999, Gore et al. 2001, Jacobson et
al. 2009, Adams et al. 2016). Due to this increase in resistance, novel control strategies were
needed. Transgenic insect resistant cotton (Bollgard®, Monsanto, St. Louis, MO) was introduced
in 1996 to improve management of lepidopteran pests. Bollgard cotton was genetically modified
to express the Cry1Ac protein from Bacillus thuringiensis var. kurstaki (Berliner), a soil
bacterium (Perlak et al. 2001, Gore et al. 2001, 2002, 2008). Bollworm, along with tobacco
budworm, and pink bollworm are pests that Bt cotton was intended to control in the eastern U.S.
Even though Bt cotton provided effective control of the tobacco budworm, foliar insecticide
sprays were still needed to control high populations of bollworms (Leonard et al. 2001, Stewart
et al. 2001, Gore et al. 2002, Bommireddy et al. 2007). Foliar insecticides are still actively used
to control lepidopterans, especially in the southern part of the U.S. (Adams et al. 2016).
With the sporadic control of bollworm from Bollgard cotton and resistance to several
insecticides, new control measures were needed to manage bollworm populations. In 2003,
Bollgard II (Bollgard II®, Monsanto, St. Louis, MO) was introduced to provide better control of
42

bollworm and other lepidopteran pests. Bollgard II cotton expresses the Cry1Ac protein from
Bollgard cotton plus a Cry2Ab protein that is expressed 10 times higher than the Cry1Ac protein
(Adamczyk et al. 2001). Bollgard II provided better control of bollworm than Bollgard
(Adamczyk et al. 2001, Gore et al. 2001, Stewart et al. 2001), but different parts of the cotton
plant still expressed the Cry1Ac and Cry2Ab proteins differently (Adamczyk and Meredith
2006). As a result, control of bollworm with Bollgard II was inconsistent. Although Bollgard II
cotton provided better control of bollworm than Bollgard, significant injury was still observed
under high bollworm populations and additional control strategies were often needed (Reisig et
al. 2018). These additional strategies were most often the use of foliar applied insecticides (Gore
et al. 2008).
The number of insecticide applications for bollworm has increased since the introduction
of Bollgard II cotton. In 2003, the first year Bollgard II was commercially available, there was an
average of 1.03 insecticide applications for bollworm at $23 per hectare in Mississippi (Williams
2004). During the 2019 growing season, the average number of insecticide applications for
bollworm increased to 1.7 applications at $73.23 per hectare (Cook and Threet 2019). These
numbers can be compared to 1996 when Bollgard cotton was introduced. During that year, the
average number of applications for bollworm was 2.2 applications at $48.81 per hectare
(Williams 1997). For this reason, Bollgard 3 cotton (Bollgard 3 Cotton, Monsanto, St. Louis,
MO) was developed and released commercially in 2018. Bollgard 3 produces the Cry1Ac and
Cry2Ab proteins found in the previous Bollgard varieties, but also produces a Vip3A protein
from B. thuringiensis. This protein has a different mode of action than the Cry1Ac and Cry2Ab
proteins to provide more effective control the bollworm (Bommireddy et al. 2007). This allows
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the selection pressure on the different proteins to be reduced, which could increase the lifespan
of the Bollgard 3 technology (Whitehouse et al. 2014).
Even with the introduction of one and two-gene Bt cotton varieties, bollworm is still a
significant pest of cotton throughout the United States. Although Bt cotton did reduce the
number of insecticide applications for bollworm and other heliothine pests, spray applications
were still needed to help control bollworm populations (Little et al. 2017, Reisig et al. 2018). The
primary insecticide classes used to control bollworm in Bt cotton were organophosphates and
pyrethroids, until recently when bollworm populations became increasingly resistant to both
classes of insecticides (Little et al. 2017). Diamide insecticides, such as chlorantraniliprole and
flubendiamide, are currently being used because of their effectiveness in controlling bollworms.
Although they are more expensive than some other insecticides, diamides provide long residual
control (Little et al. 2017). Diamides are one of the newest insecticide classes (Teixeira and
Andaloro 2013, Adams et al. 2016) and are effective against a wide range of lepidopteran pests
while having little toxicity to mammals (Lahm et al. 2009, Sparks 2013, Adams et al. 2016).
Diamides such as chlorantraniliprole are group 28 insecticides and are classified as ryanodine
receptor modulators (Teixeira and Andaloro 2013, IRAC). Diamides cause calcium channels in
insect muscles to stay open by binding to the ryanodine receptors. This causes calcium to be
released uncontrollably, resulting in paralysis, cessation of feeding, and ultimately insect death in
24 to 72 hours (Lahm et al. 2009, Teixeira and Andaloro 2013, Adams et al. 2016).
Chlorantraniliprole has a wide range of activity. In addition to controlling lepidopteran pests
such as bollworm, chlorantraniliprole also controls some coleopteran, dipteran, and isopteran
pests while suppressing some hemipteran pests (Lahm et al. 2009). Diamide spray timings are
based on current action thresholds found in the Mississippi State Insect Control Guide (Catchot
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et al. 2020). Spray applications for bollworm are most effective when timed before an egg hatch,
before larvae reach those structures such as squares, bloom tags, and other structures lower in the
plant canopy where they are protected. The objective of this study was to determine the impact
of insecticide spray timings, applied during different weeks of bloom, on bollworms in Bollgard
II cotton.

Materials and Methods
A field experiment was conducted at the Delta Research and Extension Center in
Stoneville, MS during the 2019 and 2020 growing seasons. The test was arranged in a
randomized complete block design with nine treatments and four replications. Each plot was
12.2 m in length, four rows wide with 1.02 m row spacing and a 3.05 m alley separating
replications. The test was planted on 30 May 2019 and 6 May 2020. All plots were planted with
a Bollgard II cotton variety (Deltapine 1646B2XF, Bollgard II®, Monsanto, St. Louis, MO) at a
rate of 12.5 seed/m.
All plots received pre-emergence applications of fluometuron (Cotoran 4L ®, Adama
Group Company, Raleigh, NC), S-metolachlor (Dual Magnum®, Syngenta Crop Protection,
Greensboro, NC), and pyrithiobac sodium (Staple LX®, Dupont, Wilmington, DE) to minimize
weed pests. All plots were fertilized with 322.46 L/ha of liquid 32% UAN using a 3-point coulter
fertilizer applicator. Fluometuron, S-metolachlor, and pyrithiobac sodium were applied as a layby spray behind a row crop cultivator. This plow and lay-by combination clears the rows to
allow for easier irrigation flow and minimizes weed populations. Throughout the growing
season, mepiquat chloride (Mepiquat®, Loveland Products, Inc, Greeley, CO) was applied to
maintain the cotton at a manageable height. Mepiquat chloride and following spray applications
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were made using a John Deere 6700 sprayer applying 93.5L/ha. Applications of bifenthrin
(Sniper®, Loveland Products, Inc, Greeley, CO) and acephate (Acephate 90 WDG®, Loveland
Products, Inc, Greeley, CO) were made during pre-flowering stages to minimize the impacts of
tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), on cotton yields. Applications of
oxamyl (Vydate®, Dupont, Wilmington, DE) and sulfoxaflor (Transform®, Dow Agriscience,
Indianapolis, IN) were made for tarnished plant bug control once experiments were initiated
during the flowering stage of cotton development. Oxamyl and sulfoxaflor are not labeled
insecticides for bollworm. This allows other pest species to be controlled, while not effecting
bollworm populations.
The treatments were insecticide sprays during the first week of bloom through the
seventh week of bloom, plus a weekly spray treatment and an untreated control. A single
application of chlorantraniliprole (Prevathon®, FMC Corporation, Philadelphia, PA) at 0.075kg
ai/ha was made to each treatment’s respective plots within a given week of bloom. Treatment
sprays were triggered by week of bloom, not threshold. This means each treatment was sprayed
one time during that plots respective week of bloom. For example, during week one, treatment
one was sprayed, during week two, treatment two was sprayed, and this process was continued
until cutout which occurred after week four of bloom in 2019 and week five of bloom in 2020.
The weekly treatment was sprayed every week and the untreated control was never sprayed.
Spray applications were made using a Mud Master (Bowman Mfg., Newport, AR) multi-purpose
sprayer applying product at 93.5L/ha.
Starting at the first week of bloom, 10 random plants from each plot were sampled
weekly for the presence of eggs, damage, and live larvae using a modified whole plant search.
The modified whole plant search involved visually observing the terminal, which included the
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top three nodes of the cotton plant, for eggs and live larvae. After inspecting the terminal, the
lower canopy was examined by checking three squares per plant, looking at both the outside and
the inside of the square bracts for larval feeding holes and eggs as well as the actual square for
larvae or damage. Next, three bolls were examined per plant, preferably bolls with bloom tags
attached because the bloom tags are a preferred feeding site for larvae that hatched from eggs
oviposited on the flower (Brickle et al. 2001). The bloom tags were removed and examined for
eggs and larvae. After the bloom tag was examined, the boll was inspected for larval feeding
holes. The boll was dissected to check for larvae if no larvae were on the outside of the boll and
there was an entry hole.
Plots were harvested with a mechanical cotton picker with an on-board weigh system.
Plot weights were converted to kilograms per hectare. All data were analyzed with a general
linear mixed model analysis of variance (PROC GLIMMIX, SAS Institute, Cary, NC).
Differences in LSMEANS were initially determined with Tukey’s HSD, but this test failed to
detect differences when the overall ANOVA suggested differences among treatments did occur.
LSMEANS were separated using Fisher’s protected LSD. Week, treatment, and the interaction
between the two factors were considered fixed effects. Year and replication nested in year as
well as replication by week nested in year were considered random effects. Differences were
considered significant at α=0.05.

Results and Discussion
For boll damage, there were effects of week of sample (bloom) (F=5.20; df= 4, 30.3; P <
0.01) and treatment during week of bloom (F=6.42; df= 6, 186; P < 0.01), but there was no
interaction between those factors (F=1.39; df= 24, 186; P=0.11). For week of sample, percent
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boll damage was greater during week three than weeks one and two of bloom (Fig.3.1). No
differences were observed between weeks three, four, and five of bloom for boll damage. Boll
damage was similar during weeks one, two, and five of bloom. For spray treatment during week
of bloom, percent boll damage was greater for plots that were sprayed during week five of bloom
and the untreated plots compared to plots treated at any of the other timings, but there was no
difference between the two treatments (Fig. 3.2). No differences in boll damage were observed
between plots that were sprayed during weeks one, two, three, four of bloom, or the weekly
spray plots. Averaged across all weeks, the percentage of damaged bolls was 11.0% in Bollgard
II cotton. This is different than the 16.8% (Reisig et al. 2018) and 1.33% (Little et al. 2017) boll
damage that was observed with 2-gene cottons in previous studies. The study by Reisig et al.
(2018) included Cry1Ac + Cry1F (Widestrike, Dow AgroSciences, Indianapolis, IN) and
Cry1Ab + Cry2Ae (TwinLink, Bayer CropScience, Research Triangle Park, NC) cottons in
addition to Bollgard II. Boll damage is typically greater in Widestrike and TwinLink cotton than
Bollgard II cotton and that may explain the differences observed between that study and the
current study. Additionally, boll damage can vary greatly from year to year (Fleming et al.
2018) depending on bollworm pressure and the occurrence of resistance to one or more of the
proteins in Bt cotton (Dively et al. 2016, Reisig et al. 2018). In studies conducted in 2001-2002
(Gore et al. 2003) and 2018-2019 (Godbold 2020), the number of bolls injured by an individual
larva in Bollgard II cotton increased from 0.8 to 2.59, respectively, demonstrating the variability
that can occur over time.
For square damage, there was an effect of week of sample (F=3.38; df= 4, 24.03;
P=0.02), but not treatment during week of bloom (F=1.40; df= 6, 186; P=0.22), and there was no
interaction between those factors (F=1.02; df= 24, 186; P=0.44). Percent square damage was
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greatest during week three of bloom (Fig. 3.3). No differences were observed between weeks
one, two, four, and five of bloom. Averaged across all weeks of bloom, the percentage of
damaged squares was 4.25% in Bollgard II. This is greater than the 0.91% observed in a
previous study (Little et al. 2017). The number of squares damaged by an individual larva has
increased from <0.1 (Gore et al. 2003) to 0.8 (Godbold 2020). For both previous tests, bollworm
were observed selecting bolls over squares in Bollgard II cotton, causing boll damage to be
higher than square damage (Gore et al. 2003, Godbold et al. 2020).
For this experiment there was an effect of treatment during week of bloom on cotton
yield (F=3.34; df= 6, 44; P < 0.01). Bollgard II cotton sprayed during weeks two and three of
bloom were the only treatments that resulted in cotton yields similar to Bollgard II cotton
sprayed weekly (Fig. 3.4). When comparing damage numbers, week three of bloom had the
highest amount of square damage and weeks three through five had the highest amount of boll
damage. A single application of chloratraniliprole made during weeks two and three of bloom
were the most beneficial from a yield standpoint. Those weeks of bloom corresponded to the
weeks just before insect damage peaked (week 2) and the week when damage numbers peaked
(week 3).
The insecticide applications made during weeks four or five of bloom were likely too late
and were made after the majority of bollworm damage had occurred and the infestations had
declined, resulting in no increase in yield. In contrast to spraying too late, there is a possibility of
spraying too early. During the first week of bloom, bollworm damage was low. Even with the
longer residual of the insecticide, bollworm damage still occurred in following weeks.
Chlorantraniliprole is marketed to provide up to 21 days control of heliothines in cotton,
depending on rate (https://ag.fmc.com/us/sites/us/files/2020-03/19-FMC49

0738%20Prevathon%20Cotton%20Fact%20Sheet_041119_V7_0.pdf Accessed 3/1/2021.20).
Similarly, significant activity was observed in soybean for up to 31 days after application
(Adams et al. 2016). In the current study, peak damage occurred 14 days after the week one
application suggesting that the residual control may not be as long in cotton.
With the current strategy used in cotton IPM, foliar insecticide sprays are applied when
thresholds are reached. Thresholds are based on fruit injury, as well as larval and egg numbers
(Catchot et al. 2020). In this experiment, it was most beneficial to make an insecticide
application when bollworm pressure was greatest, although this window of opportunity can vary
depending on location and weather (Adamczyk and Sumerford 2001). With the advertised long
residual control with chlorantraniliprole, it is tempting for growers and agricultural consultants to
make automatic sprays based on growth stage of the cotton. These data suggest that automatic
sprays based on growth stage or calendar date should be avoided and making sprays based on
scouting will remain an important component of bollworm management in cotton.
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Figure 3.1

The effects of week of sample on mean ± SEM percent boll damage of Bollgard II
cotton in Stoneville, MS averaged across 2019 and 2020. Treatments with the
same letter are not significantly different according to Fishers Protected LSD
(α=.05).
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Figure 3.2

The effect of spray treatment timings on mean ± SEM percent boll damage of
Bollgard II cotton in Stoneville, MS averaged across 2019 and 2020. Treatments 15 represent the weeks of bloom that a single spray was made with
chlorantraniliprole at 0.075 kg/ha. Treatments containing the same letter are not
significantly different according to Fishers Protected LSD (α=.05).
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Figure 3.3

The effect of week of sample on mean ± SEM percent square damage of Bollgard
II cotton in Stoneville, MS averaged across 2019 and 2020. Treatments containing
the same letter are not significantly different according to Fishers Protected LSD
(α=.05).
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Figure 3.4

The effect of spray treatment timings on mean ± SEM lint yield of Bollgard II
cotton in Stoneville, MS averaged across 2019 and 2020. Treatments 1-5 represent
the weeks of bloom that a single spray was made with chlorantraniliprole at 0.075
kg/ha. Treatments containing the same letter are not significantly different
according to Fishers Protected LSD (α=.05).
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CHAPTER IV
DISTRIBUTION OF BOLLWORM EGGS IN COTTON
Abstract
Field surveys were conducted on grower farms at several locations across the Mississippi
Delta in 2017, 2018, and 2020 to compare the oviposition location of bollworm, Helicoverpa zea
(Boddie), eggs in cotton. Plants were scouted using a whole plant search to determine the
location of eggs. The location of eggs was categorized as top (terminal and top three nodes), or
bottom (squares, bolls, and bloom tags) and compared between smooth and hairy leaf types. In
the field experiment, there was a better relationship between bollworm eggs in the top of the
plant and total number of eggs than there was for eggs in the bottom of the plant. Between hairy
and smooth leaf cotton varieties, more eggs were oviposited in the top of hairy leaf varieties than
smooth leaf varieties.
Introduction
Historically, scouting and the use of foliar insecticides based on established action
thresholds was an important component of integrated pest management (IPM) for insect control
in cotton (Graves et al. 1999, Gore et al. 2001), and still remains a vital part of IPM. Bollworm,
Helicoverpa zea (Boddie), is an important pest of cotton in the southern U.S. The distribution of
bollworm eggs in cotton makes scouting for this pest difficult. Previous research has shown
mixed results for bollworm oviposition site preference (Mistric 1964, Wilson et al. 1980,
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Braswell et al. 2019). In some studies, oviposition was mostly confined to the top one third of
plants (Wilson et al. 1980, Farrar and Bradley 1985), and eggs were scattered throughout plants
in other studies (Mistric 1964). More recently, a more comprehensive survey determined that
bollworm oviposition site preference changes throughout the season (Braswell et al. 2019). In
that study, eggs tended to be scattered throughout plants early in the flowering period. In
contrast, eggs were more common in the top one third of plants later in the season. The shifting
preference for oviposition sites throughout the season makes utilizing egg counts more
complicated to determine spray timings.
The introduction of transgenic Bt cotton has revolutionized management of lepidopteran
pests such as tobacco budworm, Chloridea virescens (F.), and pink bollworm, Pectinophora
gossypiella (Saunders), but insecticide sprays are still needed for bollworm (Stewart et al. 2001,
Gore et al. 2001, 2002, 2003, 2008, Greenplate et al. 2003, Luttrell et al. 2012). Soon after the
introduction of Bt cotton, some lepidopteran pests were found surviving in Bt cotton fields
(Bacheler and Mott 1997, Adamczyk et al. 2001). This lack of control may be because bollworm
is naturally more tolerant to Bt toxins than tobacco budworm (Luttrell et al. 1999) or because the
expression of Bt proteins in cotton plants decreases over time and varies throughout different
parts of the plant (Greenplate et al. 1999, Luttrell et al. 1999, Adamczyk et at. 2001, Gore et al.
2003). The expression of the Bt proteins is greater in younger tissues, such as squares and leaves,
than in older tissues such as bolls (Greenplate et al. 1999, Adamczyk et al. 2001, Gore et al.
2003). Bollworm larvae that feed lower in the plant, especially later in the year, are harder to
control than larvae feeding near the terminal of the plant earlier in the year (Gore et al. 2003).
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Recently, resistance to Bt proteins has been documented in bollworm and increased
damage to two-gene cotton has been observed making management of bollworm more difficult
with Bt cotton (Reisig et al. 2018). These problems along with the changing expression of the
Cry proteins across different parts of the plant has caused sporadic control of bollworms in
cotton, especially under high populations (Adamczyk and Meredith 2006, Reisig et al. 2018).
Previous research has been done on larval survival in white flowers expressing Bt proteins, but
little research has been done with insecticide residual control of bollworms in white flowers. One
of the newest classes of insecticides used for bollworm control is the diamide class (Teixeira and
Andaloro 2013, Adams et al. 2016). Spray timings for bollworm in cotton are recommended at
the time of egg hatch, giving the larvae time to contact the insecticide before the larvae are able
to reach protected structures such as squares, flowers, and bloom tags (Catchot et al. 2020,
FMC.com).
White flowers in cotton are unpollinated and turn pink after pollination. A white flower
on a cotton plant stays white for approximately one day before turning pink, closing, and drying
down as a bloom tag (Mauney 2012). This makes scouting and control with insecticides difficult
because eggs laid on blooms (Braswell et al. 2019) and larvae feeding under dried bloom tags
(Gore et al. 2002) are protected from direct sprays. Additionally, eggs laid on blooms or dried
bloom tags are often difficult to detect. Currently, egg thresholds are recommended for non-Bt
and 2-gene cotton varieties (Catchot et al. 2020), but the efficiency of scouting may vary
throughout the year based on changes in oviposition site preference.
Thresholds and scouting procedures have changed as new cotton technologies are
introduced and resistance develops. When new Bt technologies are released, thresholds focus
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primarily on larval and damaged fruit. As resistance to these technologies develops, the
thresholds focus primarily on egg numbers. In general, eggs are easier to detect and larvae are
easier to control when they are located near the terminal of cotton plants as opposed to lower in
the plant in protected structures. From a scouting standpoint, the ability to scout for eggs near
the terminals of plants and relate it to numbers of eggs on whole plants is needed. Also, more
information is needed about the efficacy of current insecticides in white flowers that develop
after a diamide spray has been made. The objectives of this study were to determine if bollworm
thresholds in cotton could be based on eggs found solely in the terminal of plants and to
determine the effectiveness of diamide sprays made prior to the flower opening on bollworm
larvae in white flowers.
Materials and Methods
Commercial cotton fields were scouted at multiple locations across the Mississippi Delta
during the 2017, 2019, and 2020 growing seasons. The fields scouted included commercial
grower fields, as well as research plots at the Delta Research and Extension Center in Stoneville,
MS. A total of 120 fields were sampled over the three years of the study. The specific variety of
cotton was not always known, but leaf hairiness ratings were made for 103 of the fields. Fields
were managed for optimum growth and yield by each individual grower. At the Delta Research
and Extension Center, cotton was managed using the standard agronomic practices
recommended by the Mississippi State Extension Service. The cotton at each location was
scouted using a modified whole plant search of 100 plants. This included a visual examination of
the terminal for the presence of bollworm eggs. The terminal leaves were examined as well as
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the stems of the top three nodes. After looking at the terminal, the lower canopy was examined.
In the lower canopy, three squares and three bolls with bloom tags attached were examined on
each plant. The square and boll bracts were checked for eggs, as well as surrounding structures.
If white flowers were present, they were examined for bollworm eggs. Bloom tags were carefully
dissected to determine if eggs were present inside those structures.
Prior to collecting data, the cotton variety was confirmed with the grower, if possible, and
that variety was matched with its leaf type. If the variety was not known, the cotton leaves were
examined for the presence of trichomes. Leaves were then categorized as smooth, semi-smooth,
hairy, or semi-hairy based on the density of trichomes on the underside of the leaf. Leaves with
no or few scattered trichomes were considered smooth. Leaves with a light density of short
trichomes that were evenly distributed were considered semi-smooth. Leaves with a moderate
density of trichomes of medium length were considered semi-hairy. Leaves with a high density
of trichomes with long length were considered hairy (Bourland et al. 2003). Very few varieties
were classified as smooth or hairy, so smooth and semi-smooth varieties were grouped together
as smooth. Hairy and semi-hairy varieties were grouped together as hairy. All eggs in this
experiment were divided into either top (top three nodes) or bottom (squares and bolls) of the
plant.
All data were analyzed with regression analysis to determine the relationship between
eggs laid in the top of the plant to eggs laid in the bottom of the plant and eggs laid in the top or
bottom of plants to total eggs on plants (PROC GLM, SAS 9.4, Cary, NC). All data, including
fields where leaf types were known and not known, were used in an initial analysis to determine
these relationships regardless of leaf type (N=120). For the 103 fields where leaf type was
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known, analysis of covariance (PROC GLM, SAS 9.4, Cary, NC) was used to compare slopes of
the of the regression equations generated for hairy leaf types and smooth leaf types based on a
significant interaction between the independent variable and leaf type. For the regression
analyses comparing eggs in the top or bottom of plants to total eggs, the independent (X)
variable was eggs in the top or bottom of plants and the dependent (Y) variable was total eggs
found on plants. For the regression analysis comparing eggs in the top of plants to eggs in the
bottom of plants, the independent (X) variable was eggs in the top of plants and the dependent
(Y) variable was eggs in the bottom of plants. Regressions were considered significant at α=0.05.
Results and Discussion
In general, there were strong linear relationships between the number of eggs found in the
top and bottom of plants relative to the total numbers of eggs found on plants for all data across
leaf types and for each leaf type (Table 4.1, Fig. 4.1, Fig. 4.2). The intercepts for these
relationships ranged from 3.66(0.93) to 10.17(2.26) and the slopes ranged from 0.83(0.22) to
1.59(0.14). The intercepts being greater than zero (P< 0.01) suggest that there are times when
eggs can be found on plants, but not present at the same time on either the top or bottom of
plants. Also, the relationships between eggs in the top of plants relative to the numbers in the
bottom of plants were relatively weak (R2 = 0.03 to 0.18, Table 4.1) or no relationship was
observed (i.e., hairy leaf varieties). This suggests that there may be times when attempting to
predict the number of eggs present may not be accurate based only on eggs in the top of plants,
especially when egg densities are low. In the overall analysis, there were strong relationships
between eggs found in the top of plants (Fig 4.1A) or bottom of plants (Fig. 4.1B) to the total
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number of eggs found on plants, but not between eggs found in the top of plants to eggs found in
the bottom of plants (Fig. 4.1C)
The hairy leaf varieties had a moderate relationship to the fitted regression line (Table
4.1, R2 = 0.41 and 0.42) for eggs in the top or bottom of plants, respectively, compared to total
eggs found. The smooth leaf varieties had a much closer relationship to the regression line, (R2 =
0.80 and 0.61) for eggs in the top or bottom of the plant, respectively, compared to total eggs
found. For the overall R2 analysis, the R2 value for eggs in the top or bottom of the plant
compared to total eggs found was 0.67 and 0.64, respectively (Table 4.1).
In the analysis of covariance, the slopes for the number of eggs in the top of plants
relative to the whole plant were different between the hairy (m = 0.83) and smooth (m = 1.30)
leaf varieties (F=5.53; df=1, 100; P =0.02). The number of total eggs on plants relative to the
number of eggs on the top of plants increased at a greater rate on the smooth leaf variety
compared to the hairy leaf variety (Fig. 4.2A). The slopes for the number of eggs in the bottom
of plants relative to the whole plant were different between the hairy (m = 0.83) and smooth (m =
1.59) leaf varieties (F=7.56; df=1, 100; P< 0.01). The number of total eggs on plants relative to
the number of eggs on the bottom of plants increased at a greater rate on the smooth leaf variety
compared to the hairy leaf variety (Fig. 4.2B). The slopes for the number of eggs in the bottom
of plants relative to the top of plants were different between the hairy (m = -0.17) and smooth (m
= 0.29) leaf varieties (F=5.53; df=1, 100; P= 0.02).
The current IPM strategy used for managing bollworms with foliar insecticides is based
on action thresholds. According to the Mississippi State Insect Control Guide, thresholds are
based on either fruit injury, larvae numbers, or egg numbers (Catchot et al. 2020). In this
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experiment, bollworm egg numbers in the top and bottom of cotton plants (smooth and hairy
varieties) were compared to egg numbers throughout the whole plant. This was done to see if
there was any correlation that would allow scouts to be able to only check the top of plants for
eggs to get an accurate threshold estimate.
With low egg counts, using egg numbers in only the top or bottom of plants did not
accurately represent the number of eggs throughout the whole plant. At greater egg densities, the
number of eggs found on the top or bottom of plants, provided a more accurate representation of
the total number of eggs on plants, especially when the top of plants were sampled. These data
also show that for hairy leaf cotton varieties, bollworms do not appear to have a strong
preference for oviposition location. In contrast, the strongest relationship observed was between
eggs on the top of plants relative to total eggs on plants for smooth leaf varieties (R2 = 0.80).
This could be beneficial for pest management. If bollworm eggs are oviposited in the upper
portion of the plant, they will be easier to find and hatching larvae will be easier to control with
foliar insecticides than if they were deeper in the plant canopy. This means planting a smooth
leaf variety over a hairy leaf variety may be beneficial because there would be a greater chance
of the applied insecticides reaching the larvae more effectively.
The results of these studies suggest that basing insecticide sprays on the number of eggs
present in the top of plants could be a viable option, especially when bollworm pressure is high.
Most of the current commercial cotton varieties are classified as semi-smooth which were
included in the smooth category in this study. Those varieties had the strongest relationship
between number of eggs found in the top of plants relative to total eggs on plants. This further
strengthens the assumption that scouting can be focused on the top of plants. However, caution
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should be taken, because most of the intercepts were greater than zero suggesting that there may
be times when bollworm eggs are present, but will not be detected by scouting just the top of
plants. These data also suggest that eggs oviposited on white flowers one day after a diamide
spray may not be exposed to a dose high enough to provide acceptable control, but more research
is needed to further understand the translocation properties of diamides in cotton fruiting forms.
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Table 4.1

Analysis of Variance for bollworm eggs in the top and bottom of cotton plants vs total eggs for overall, hairy leaf
varieties, and smooth leaf varieties across Mississippi in 2017, 2018, and 2020.
F

df

P>F

R2

Intercept (SE)

Slope (SE)

Overall
Top vs Total

239.03

1, 118

<0.01

0.67

4.33(1.04)

1.30(0.08)

Bottom vs Total

213.23

1, 118

<0.01

0.64

7.28(0.95)

1.33(0.09)

Top vs Bottom

12.90

1, 118

<0.05

0.09

4.33(1.04)

0.30(0.08)

Hairy
Top vs Total

14.10

1, 20

<0.01

0.41

10.17(2.26)

0.83(0.22)

Bottom vs Total

14.19

1, 20

<0.01

0.42

9.37(2.42)

0.83(0.22)

Top vs Bottom

0.61

1, 20

0.45

0.03

10.17(2.26)

-0.17 (0.45)

Smooth
Top vs Total

330.14

1, 80

<0.01

0.80

3.66(0.93)

1.30(0.07)

Bottom vs Total

124.10

1, 80

<0.01

0.61

5.99(1.27)

1.59(0.14)

Top vs Bottom

17.45

1,80

<0.01

0.18

3.66(0.93)

0.29(0.07)

67

Figure 4.1

Relationship between the number of bollworm eggs found in (A) the top of plants
vs total eggs found throughout plants, (B) eggs found in the bottom of plants vs
total eggs found throughout plants, and (C), eggs found in the top of plants vs
bollworm eggs found in the bottom of plants in cotton throughout Mississippi in
2017, 2018, and 2020.
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Figure 4.2

Relationship between the number of bollworm eggs found in (A) the top of plants
vs total eggs found throughout plants for hairy and smooth leaf varieties, (B) eggs
found in the bottom of plants vs total eggs found throughout plants for hairy and
smooth leaf varieties, and (C), eggs found in the top of plants vs bollworm eggs
found in the bottom of plants for hairy and smooth leaf varieties in cotton
throughout Mississippi in 2017, 2018, and 2020.
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