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Abstract

We created a deterministic, frequency-based model of the evolution of resistance by corn earworm,

Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), to insecticidal traits expressed in crops planted in the het-

erogeneous landscapes of the southern United States. The model accounts for four generations of selection by

insecticidal traits each year. We used the model results to investigate the influence of three factors on insect

resistance management (IRM): 1) how does adding a third insecticidal trait to both corn and cotton affect dura-

bility of the products, 2) how does unstructured corn refuge influence IRM, and 3) how do block refuges (50%

compliance) and blended refuges compare with regard to IRM? When Bt cotton expresses the same number of

insecticidal traits, Bt corn with three insecticidal traits provides longer durability than Bt corn with two pyra-

mided traits. Blended refuge provides similar durability for corn products compared with the same level of re-

quired block refuge when the rate of refuge compliance by farmers is 50%. Results for Mississippi and Texas

are similar, but durabilities for corn traits are surprisingly lower in Georgia, where unstructured corn refuge is

the highest of the three states, but refuge for Bt cotton is the lowest of the three states. Thus, unstructured corn

refuge can be valuable for IRM but its influence is determined by selection for resistance by Bt cotton.
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Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), the corn ear-

worm, is an insect pest that infests several important agricultural

crops in the southern United States (Fitt 1989, Horner et al. 2003b).

The moths are strong fliers, and adult females show oviposition

preference for ear-stage corn (Zea mays) and bloom and fruiting

stage cotton (Gossypium hirsutum) (Javaid et al. 2005). Newly

emerged adults mate 30–60 h after emergence (Callahan 1958, Agee

1969), and there are four to six generations per year in the southern

United States. Transgenic insecticidal corn and cotton expressing

genes from the bacterium Bacillus thuringiensis are used in the

southern United States. Both Bt corn and Bt cotton reduce larval sur-

vival (Horner et al. 2003a, Chilcutt et al. 2007).

The larvae of H. zea feed on a variety of plant tissues across

many different crop species, including leaves, corn kernels, cotton

bolls, and seeds (Fitt 1989). In a recent field study, Reay-Jones and

Reisig (2014) concluded that corn yields were not statistically differ-

ent among near-isolines with and without Bt traits, despite larval

feeding and damage. In addition, yields were not significantly associ-

ated with kernel injury based on regression analyses.

Several groups have modeled this pest in the southern United

States to predict the evolution of resistance to Bt crops. Storer et al.

(2003) focused on the cotton and corn landscape of North Carolina.

They used a stochastic, density-based model that included adult dis-

persal among small fields to explore the temporal and spatial dy-

namics of the population over many generations on crops with a

single insecticidal trait, Cry1A. Gustafson et al. (2006) used a deter-

ministic, frequency-based model to explore evolution to Cry1Ac Bt

cotton in Georgia (GA), North Carolina, and Mississippi (MS).
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They assumed random mating across the landscapes. Gustafson

et al. (2006) considered soybean (Glycine max), peanut (Arachis

hypogaea), and sorghum (Sorghum bicolor) as alternative hosts, as

well as corn. Tabashnik et al. (2008) used a simple population ge-

netics model to study the influence of refuge levels on evolution of

corn earworm to Cry1Ac cotton. Edwards et al. (2013) extended the

work of Caprio et al. (2009) and evaluated the risk of evolution of

corn earworm in a landscape of pyramided Bt corn and pyramided

Bt cotton in MS. Their modeled landscape consisted of cotton, corn,

soybean, sorghum, and wild hosts. They simulated a stochastic, den-

sity-based model that included an adult dispersal process similar to

that developed by Storer et al. (2003). Hutchison and Storer (2010)

extended the model of Storer et al. (2003) to simulate pyramided Bt

corn and Bt cotton in an MS landscape that included soybean as an

alternative host. They did not consider evolution of the pest to insec-

ticidal traits, partly because of the influence of annual migration of

susceptible individuals from Mexico, where Bt crops are not grown.

Hutchison and Storer (2010) focused on the potential of population

suppression.

The primary purpose of this project was to describe the evolution

of resistance by corn earworm to insecticidal traits expressed in

crops planted in the heterogeneous landscapes of the southern

United States. We used the model results to investigate the influence

of three factors on insect resistance management (IRM): 1) how

does adding a third insecticidal trait to both corn and cotton affect

durability of the products, 2) how does unstructured corn refuge in-

fluence IRM, and 3) how do block refuges with 50% compliance

and blended refuges compare with regard to IRM? In all of these

comparisons, relative durability is emphasized because of the uncer-

tainties in the parameter values.

Materials and Methods

We created a deterministic, frequency-based model of the popula-

tion genetics of corn earworm. This model is a more complex ver-

sion of the one published by Gustafson et al. (2006). Because it is

frequency based, we do not include processes and mathematical

functions concerning fecundity, oviposition, and density-dependent

survival (carrying capacity). We generally assume that mating is ran-

dom at the landscape level and eggs are distributed uniformly in

each crop species (Jackson et al. 2008).

We modeled corn products sold by DuPont Pioneer that either

contain two events (MON810�DAS-01507-1) expressing Cry1Ab

and Cry1F or three events (MON810�DAS-01507-1�MIR162)

also expressing a third toxin, Vip3A. We also modeled various hy-

pothetical Bt cotton crops. We did not model other insecticidal corn

products sold by other seed companies.

The model essentially uses population genetics equations

(Onstad and Gassmann 2014) to calculate changes in allele frequen-

cies by calculating fitness (survival) for each genotype in each land-

scape patch and then determining the contribution of each genotype

based on the proportional area of each patch assuming a new

Hardy–Weinberg equilibrium. These calculations are made once for

each insect generation.

Population Genetics
The model has four di-allelic, autosomal, resistance genes, one for

each type of insecticidal traits, including Cry1A, Cry1F, Cry2Ab,

and Vip3A, which are designated based on their mode of action and/

or site of action. For the purposes of this model, traits Cry1Ab,

Cry1Ac, and Cry1A.105 are all considered to have the same mode

of action and thus share the same resistance gene. We assumed that

there is no linkage between the four resistance genes and that no mu-

tations occur after the start of simulations.

Landscape
We have attempted to represent the complex, heterogeneous crop

landscape in the southern United States consisting of corn, cotton,

soybean, peanut, and sorghum (Figs. 1 and 2). The relative propor-

tions of crops in Fig. 2 and information about non-Bt corn refuge

(described later in the text) allowed us to categorize the states. In

our analysis, we focused on GA, Texas (TX), and MS. Mississippi

seemed to be a conservative choice relative to IRM, because it was

the state with the lowest predicted durability for Bt cotton, accord-

ing to Gustafson et al. (2006).

Corn earworm has up to six generations in the southern United

States, but we only modeled the generations under Bt selection and

did not model the generations in early spring or late fall when corn

earworm feeds on wild plants, weeds, and volunteer corn (Babu

et al. 2014). During the first two generations of corn earworm under

Bt selection, the landscape in the model mainly consists of corn.

During Generations 3 and 4, the landscape consists of cotton and

unstructured refuge (i.e., non-Bt cotton, soybean, peanut, and

sorghum).

Insecticidal cotton has been planted in the southern United

States for many years, first with a single trait and now as a pyramid

of two traits. No refuge is required for Bt cotton because of the

availability of refuge in other crops (Onstad and Knolhoff 2014).

According to a 2007 survey of insect control management practices

of farmers performed by the U.S. Department of Agriculture

(USDA), 96–97% of cotton in GA and MS and 48% of cotton in

TX is Bt cotton (USDA 2014). However, more recent estimates from

2012 indicate even higher proportions of Bt cotton in the three

states. Based on the report by Williams (2013), we use 0.01, 0.02,

and 0.16 as the proportions of non-Bt cotton in GA, MS, and TX,

respectively. We assume that a pyramid of two to three insecticidal

traits, including Vip3A, will be planted in the future: half with

Cry1Ac and Cry2Ab2 and half expressing Cry1Ac and Cry1F. In a

second scenario, in which corn has three traits, we included Vip3A

in both cotton crops.

Corn Refuge
Corn refuge consists of structured and unstructured refuge.

Structured refuge is required by companies and the U.S.

Environmental Protection Agency to be planted along with Bt corn.

Unstructured refuge consists of non-Bt corn that is planted for any

Fig. 1. Hectares planted with corn in 2013 in nine states. http://usda.mannlib.

cornell.edu/usda/current/Acre/Acre-06-30-2014.pdf
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other reason, including the choice to plant more than that required.

(In our model, blended refuge produced by mixing seed in the com-

mercial bags is not unstructured refuge.) The USDA and several

states in the southern United States, including MS, do not collect

data on area planted with non-Bt or Bt corn (USDA-NASS 2013).

Thus, our estimates for the total corn refuge in the southern United

States were obtained from two sources.

First, we used observations by Babu (2013) working under the

direction of Dr. Fred Musser at Mississippi State University. Of 48

cornfields tested in MS in 2012, 85% (41 fields) were positive for at

least one Bt protein: 42% (20 fields) were positive for Cry1A and

Cry2A, 42% (20 fields) were positive for Cry1F, and 2% (1 field)

was positive for Cry1A alone. Thus, 15% of blocks visited were

non-Bt corn.

According to a 2010 USDA survey of insect control management

practices of farmers, 13% (SE¼4%) of corn acreage in GA was

planted with Bt corn, indicating that 87% of corn is refuge (USDA

2014). For TX and North Carolina, the 2010 survey estimated 35

and 55% corn refuge, respectively (USDA 2014). Another standard

USDA survey found 31% non-Bt corn in TX in 2012 (USDA-NASS

2013).

In a 2013 survey of corn growers performed at the request of the

Agricultural Biotechnology Stewardship Committee, an industry

group, at least 46% of corn growers in cotton-growing regions re-

ported that they complied with the refuge size requirement for corn

borers in the southern United States (Smith and Smith 2014). The

survey also learned that 25% partially met the size requirement and

29% did not plant a refuge. We assumed 50% compliance with

block refuge size requirements in all simulations.

Total refuge was calculated by combining both structured and

unstructured corn refuge. First, we assumed that 50% of growers

comply with the requirement for a 20% block refuge (the other

50% do not plant a required refuge). Thus, 10% of proportional

area of Bt corn should be structured refuge (0.1�0.85, 0.1�0.13

and 0.1�0.65 for MS, GA, and TX, respectively). Unstructured ref-

uge is the total proportional area of non-Bt corn minus the calcu-

lated structured refuge. Therefore, unstructured corn refuge is

0.15�0.085¼0.065, 0.87�0.013¼0.857, and 0.35�0.065¼
0.285, respectively, for MS, GA, and TX.

Calculation of Refuge Effectiveness
Effective refuge is the percent of refuge (non-Bt crops and non-crop

hosts) that effectively contributes to susceptible insect production.

The effective refuge value adjusts land area numbers within a given

insect generation to account for adoption of Bt crop, insecticide use

in the same crop without Bt traits, and amount and quality of alter-

native hosts.

We found information about insecticide use in cotton, soybean,

peanut, and sorghum in various sources. In non-Bt cotton, 64% of

the fields are treated and 64.6% of the corn earworm larvae are

killed by insecticide (Gustafson et al. 2006). In soybean, 38% of the

fields are treated with insecticides lethal to corn earworm (http://

quickstats.nass.usda.gov/results/114C2D53-D65E-3B50-A14F-17E

81DA4DA99; data for MS accessed May 9, 2014). In treated soy-

bean fields, mortality rate is 86% of larvae 6–7 d after treatment

(Akin et al. 2012; Herbert et al. 2012a, b). For sorghum, 10% of

the fields are treated, resulting in 82% insecticide-related mortality

4–6 d after treatment (http://quickstats.nass.usda.gov/results/

A6E9EBC1-DD9A-3A70-BD9E-D70D701DDAEF; data for TX ac-

cessed July 22, 2014; Adams et al. 2013a, b). In GA, 85% of the

peanut fields are treated with insecticides lethal to corn earworm

and mortality rate is 90% (M. Abney, University of Georgia, per-

sonal communication).

The calculation of the proportion of effective refuge for a specific

crop is presented in the following equations. First, the proportions

of land area planted to Bt, PB, and non-Bt, PN, are calculated for

each crop:

PB ¼ AD� ð1� RefÞ

PN ¼ 1� PB ¼ 1� ADþ AD�Ref
(1)

where AD is Bt crop adoption level (proportional area) and Ref is

the product of the proportion of required refuge and compliance

rate.

Gustafson et al. (2006) point out that, when corn earworm feeds

on cotton, soybean, sorghum, and peanut in late summer, soybean

produces only a tenth as many adults as would a similar area of

untreated non-Bt cotton. We assumed that peanut has the same pro-

duction of corn earworm as soybean. Based on knowledge of corn

earworm on sorghum in TX, we assume that sorghum produces

one-fifth the number of moths per ha as cotton when neither is

treated with insecticide. When we calculate the effective refuge con-

tribution of soybean, peanut, and sorghum for the model, we multi-

ply the landscape proportion by the proportional productivity

coefficient. Based on the total acreage for each crop in a state

(Fig. 2), we calculated the proportional land area, LP, for each crop.

We then calculated the total cotton refuge for Generations 3 and 4

by applying the following equation:

Refeff ¼
X4

i¼1

AðiÞ � LPðiÞ � PNðiÞ � ðT ðiÞ � LSðiÞ þ 1� TðiÞ½ �
( )

=

X4

i¼1

AðiÞ � LPðiÞ � ½PBðiÞ þ PNðiÞ � T ðiÞ � LSðiÞ þ 1� TðiÞ½ �
( )

(2)

where i for non-corn crops. A(i) is the productivity relative to cotton

(1 for cotton, 0.2 for sorghum, and 0.1 for soybean and peanut).

T(i) is the proportion of non-Bt crop treated with insecticide lethal

to corn earworm, and LS(i) is the proportion of larvae surviving this

treatment. And PB(i) is 0 for soybean, sorghum, and peanut, as there

is no Bt variety of these crops in southern United States. If we do not

consider alternative hosts, then the proportion of effective refuge,

Refeff, is calculated by dividing the productive non-Bt part by the

productive total crop, which is the special case of equation 2.

Refeff ¼ PN ðT� LSþ 1� TÞ½ �= PB þ PN ðT� LSþ 1� TÞ½ � (3)

Fig. 2. Hectares planted with cotton, soybean, peanut, and sorghum in 2013

in nine states. http://usda.mannlib.cornell.edu/usda/current/Acre/Acre-06-30-

2014.pdf

Journal of Economic Entomology, 2016, Vol. 109, No. 2 823

Deleted Text: US
Deleted Text: US
Deleted Text:  
Deleted Text:  
Deleted Text: 
Deleted Text:  
Deleted Text: &percnt;
Deleted Text: US
Deleted Text: x
Deleted Text: x
Deleted Text: x
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text:  
Deleted Text:   
http://quickstats.nass.usda.gov/results/114C2D53-D65E-3B50-A14F-17E81DA4DA99
http://quickstats.nass.usda.gov/results/114C2D53-D65E-3B50-A14F-17E81DA4DA99
http://quickstats.nass.usda.gov/results/114C2D53-D65E-3B50-A14F-17E81DA4DA99
Deleted Text:  
Deleted Text: -
Deleted Text: ays
Deleted Text:  
Deleted Text: , 
Deleted Text:  of 82&percnt;
Deleted Text: -
Deleted Text: ays
http://quickstats.nass.usda.gov/results/A6E9EBC1-DD9A-3A70-BD9E-D70D701DDAEF
http://quickstats.nass.usda.gov/results/A6E9EBC1-DD9A-3A70-BD9E-D70D701DDAEF
Deleted Text: Mark 
Deleted Text: .).
Deleted Text:  
Deleted Text: .
Deleted Text: When 
Deleted Text: Gustafson etal. (2006) point out that 
Deleted Text:  
Deleted Text: generations 
Deleted Text: .
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: since 
Deleted Text: US
http://usda.mannlib.cornell.edu/usda/current/Acre/Acre-06-30-2014.pdf
http://usda.mannlib.cornell.edu/usda/current/Acre/Acre-06-30-2014.pdf


For GA and MS, equation 2 calculated effective refuge levels for

Bt cotton of 0.032 and 0.354, respectively. For MS, soybean is im-

portant for effective refuge. For GA and MS, PN for corn is equal to

the effective refuge for the first two generations in benchmark simu-

lations, because we assume that no insecticide lethal to corn

earworm is used exclusively on non-Bt corn.

We model the system in TX differently from those in GA and

MS by making the first two generations of corn earworm in TX in-

fest both corn and sorghum. Thus, we use half the acreage planted

to sorghum (Fig. 2) as refuge for Bt corn and half for refuge for Bt

cotton (in final two generations).

We assume that sorghum produces equal numbers of corn ear-

worm moths per ha as non-Bt corn that has not been sprayed. The

young sorghum crop is not treated with insecticides in either of the

first two generations. Non-Bt corn is not sprayed in the first genera-

tion, but 20% of the crop is treated in the second generation. For

blended corn refuge scenarios, the unstructured refuge is sprayed

and none of the blended refuge is sprayed. For block refuge scenar-

ios in TX, the standard simulation assumed 20% of all non-Bt corn

is sprayed. (We also modeled the assumption that farmers do not

spray any cornfields, which is the same as we modeled for MS and

GA.) We assume 30% survival of corn earworm on treated non-Bt

corn. Therefore, every ha of non-Bt corn produces 0.8þ0.2�
0.3¼0.86 moth for every moth produced by sorghum in the second

generation in TX.

The modeling of the third and fourth generations in TX is similar

to that for the other two states. The productivity (oviposition prefer-

ence and immature survival) of sorghum is one-fifth that of cotton,

as noted previously. After accounting for insecticide use, the

weighted average production of moths is 1 from sorghum for every

3 from non-Bt cotton. For TX, we calculated an effective refuge level

for Bt cotton of 0.144 (equation 2).

Insect and Crop Synchrony
For simplicity, we assume that the generations of the corn earworm

are discrete in time and that each generation infests a well-defined

set of crop species that are available for the entire period of activity

for immature stages. Within each of the three most common host

plants, corn earworm prefers to oviposit on 1) tasselling and silk

stage corn, 2) blooming and early pod set soybean, and 3) flowering

cotton, which is preferred over preflowering cotton (squares). The

plant species are not equally attractive, as our discussion of effective

refuge suggested. In 2002–2003, Jackson et al. (2008) observed no

overlap between cotton and corn in five southern states. From 2002

to 2006 in the southern United States, Head et al. (2010) observed

that circa 2% of moths flying during “corn” generations had fed as

larvae on cotton. The results of Head et al. (2010) also indicate that

the natal fields of corn earworm are not soybean until after the gen-

erations on corn. Hutchison and Storer (2010) modeled the first two

generations on corn only and the third and fourth generations on

cotton and soybean. Thus, our benchmark assumption is that corn

earworm infests corn for two generations, followed by two genera-

tions on cotton, soybean, peanut, and sorghum.

In the sensitivity analysis for MS, we allow corn earworm to ex-

ist on both corn and cotton during one generation. When corn is in-

fested for three generations, we make the relative productivity of

corn in the third generation equal to one-fifth the production of

corn earworm on cotton (Gustafson et al. 2006). When cotton is in-

fested by the second to fourth generations, we make the relative pro-

ductivity of corn earworm in its second generation on cotton equal

to one-fifth the production on corn. For this scenario, soybean,

peanut, and sorghum are still only available as refuge for the last

two generations. Thus, in this scenario, effective cotton refuge in

MS is only 0.012 in the second corn earworm generation (first on

cotton).

When we simulate the overlap of one generation of corn

earworm on both corn and cotton, corn should be added into

equation 2 as a fifth crop. For the third generation, mainly feeding

on cotton, A(i) is 0.2, 0.2, 1, and 0.1 for corn, sorghum, cotton, and

other crops, respectively.

Calculation of Survival in a Given Patch in Landscape
We used the model to evaluate block refuge and blended refuge

(mixture of Bt and non-Bt seed). In both cases, we account for sur-

vival before and after a single movement event, probability of larval

movement, and survival during movement. We calculate survival for

both young and old larvae and assume that survival for entire larval

stage is the product of the two. Young larvae are those that do not

move off of their natal plant (Burkness et al. 2015). Because of a

lack of data, the same rates are used for movement off of Bt and

non-Bt plants resulting in symmetrical movement. Burkness et al.

(2015) did not observe any early larval movement, but they found

that the movement rate of old larvae is 15% with range between 0

and 33%. Thus, our benchmark value for the proportion of old

larvae moving off of a corn plant was set at 0.15. For simplicity, we

assumed that survival during late larval movement was 1.

The following equations calculate the survival of larvae in geno-

type g and in patch f for a given generation. Survival of young larvae

is simply S(g,f)q, where S(g,f)1 is observed survival for a larva in ge-

notype g that remains on a single plant in patch f for entire larval

stage. The exponent q was chosen to cause most of mortality in

young larvae (q>0.5). The proportion of older larvae, OL, of geno-

type g on refuge plant surviving to adulthood i:

OLðg; rÞ ¼ Sðg; rÞð1�qÞ � ½YLðg; bÞ � Sðg;bÞq �MðbÞ � PðrÞ þ YLðg; rÞ

�Sðg; rÞq � ð1�MðrÞÞ þ YLðg; rÞ � Sðg; rÞq �MðrÞ � PðrÞ�
(4)

Where YL is the young larvae in genotype g in patch f, either refuge,

r, or Bt plants, b. Parameter M is the probability of moving off of

plant in patch f and P is the proportional area of patch. The terms in

the square brackets in equation 4 represent those leaving plants not

in patch f and moving to a plant in patch f, those larvae staying on

natal plant, and those leaving natal plant but reaching similar plant

in patch f. For refuge plants, survival S(g,r)¼1, which means sur-

vival is 1 for both young and old larvae regardless of q value. For

survival on blended refuge corn plants owing to cross-pollination,

we used reduced survival owing to cross-pollination for S(g,r)(1-q)

and kept S(g,b)q¼1. The proportion of older larvae on Bt plant

surviving to adulthood is:

OLðg;bÞ ¼ Sðg;bÞð1�qÞ � ½YLðg; rÞ � Sðg; rÞq �MðrÞ � PðbÞ þ YLðg;bÞ

�Sðg;bÞq � ð1�MðbÞÞ þ YLðg; bÞ � Sðg;bÞq �MðbÞ � PðbÞ�
(5)

Again exponent q distributes mortality across two larval

stages. A comparison of two studies of young and old larvae by

Herbert et al. (2012a, b) leads us to believe that 0.6<q<0.65

when larvae are exposed to insecticides. We used equations 4 and 5

for larvae infesting both corn and cotton. We used the same

values of M and q in both Bt corn and Bt cotton, but the S values are

different.
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Survival on Corn Plants
The relative survival rates on reproductive-stage corn are based on

data from field studies performed in three locations in GA and MS

(Crespo et al. 2015). The data for each replicate are shown in the

Suppl Appendix (online only). We calculated the mean survival by

dividing the mean for all replicates for each treatment by the mean

for all replicates observed in refuge corn. The means are similar to

those used by Edwards et al. (2013), who based their parameters on

the opinions of eight entomologists. For the three insecticidal traits

acting alone, our means and standard deviations and the estimates

of Edwards et al. (2013) are (0.77 6 0.16, 0.69) for Cry1F,

(0.54 6 0.25, 0.58) for Cry1Ab, and (0.02 6 0.01, 0.07) for Vip3A,

respectively. For corn with MON810�DAS-01507-1�MIR162,

we observed a mean survival of 0.001 with an SD of 0.003 in 2012

(Suppl Appendix [online only]). Therefore, we use the values ob-

served in the field in 2012 to parameterize survival on reproductive-

stage corn. For vegetative-stage corn, productivity is believed to be

less than that on reproductive-stage corn (Gustafson et al. 2006,

Edwards et al. 2013). Therefore, we use the following survival rates

for homozygous susceptible larvae on vegetative corn: 0.49 on

Cry1F and 0.36 on Cry1Ab (both based on expert opinions

reported by Edwards et al. 2013), and 0.01 on Vip3A, which is less

than the 0.02 observed in the field in reproductive-stage corn.

We assume redundant killing (multiplicative survival) in all Bt corn

products.

For refuge plants, we assume 100% survival unless cross-pollina-

tion reduces survival in reproductive stage corn in blended refuge.

For refuge plants pollinated by adjacent Bt plants, we base our

choice of survival rate for older larvae (those feeding on ears) on sev-

eral sources of information. We do not model direct mortality

caused by Bt pollen consumption by larvae on refuge plants, or at

least we do not consider this a separate rate of survival. However,

because older corn earworm larvae commonly feed on corn kernels,

we do model the influence of cross-pollination from Bt plants on

toxicity of refuge-plant kernels. This reduction in survival of older,

homozygous susceptible larvae on refuge plants occurs in our model

only on corn in the second generation when a seed blend is used for

refuge.

Burkness et al. (2015) performed field experiments in

Minnesota during 2012–2013 using artificial infestations to deter-

mine movement behaviors of corn earworm larvae. In these exper-

iments, only the central plant was initially infested. By comparing

the relative number of individuals surviving on the central refuge

plant in pure stand refuge plots and blended plots, any negative ef-

fects of cross-pollination on survival could be inferred. For

blended plots, the central refuge plant was surrounded by corn

plants with MON810�DAS-01507-1�MIR162. Burkness et al.

(2015) observed either no difference in the number of late-instar

larvae surviving on central refuge plants or more larvae on the

central refuge plant in blended plots than in pure stand refuge

plots.

In GA and MS in 2012, D.B. and A.C. (unpublished data) per-

formed field studies with natural infestations in a three-plant cluster

planted with refuge corn and corn with MON810�DAS-01507-

1�MIR162. Note that in this study, the total number of larvae is

the sum of the number collected and the number of exit holes in the

corn ears. In MS, the refuge plant in pure stand refuge clusters had

higher numbers of larvae on average compared with the blended ref-

uge. The relative survival in blended refuge was 0.61. In GA, the rel-

ative survival was 0.95, but there was no significant difference

between the number of larvae found on refuge plants in pure stand

refuge versus refuge plants in blends.

In TX in 2014, P.P. (unpublished data) performed a field study

with natural infestations in a 95:5 seed blend containing corn with

MON810�DAS-01507-1�MIR162. Porter observed similar num-

bers of corn earworm adults surviving on seed blend refuge ears and

ears in a pure stand of non-Bt corn. The relative survival rate in this

study was 1 in the blended refuge.

Thus, in four out of five data sets concerning MON810�DAS-

01507-1�MIR162 distinguished by year and/or location, there was

no evidence of an effect of cross-pollination on corn earworm lar-

vae. Therefore, our benchmark survival rate for older larvae on ref-

uge corn in blends during the second generation is the mean of the

five results described previously (1þ1þ1þ0.95þ0.61)/5¼0.91.

This rate is implemented by taking the square or cubed root of 0.91,

which is 0.95 or 0.97, respectively, and assigning this as the survival

rate for each toxin in model. In a sensitivity analysis, we varied sur-

vival owing to cross-pollination from 0 to 1. In all cases, the domi-

nance of resistance for this case is the same as for all other cases, the

dominance equals the survival rate for homozygous-susceptible.

It is possible that asymmetrical movement away from Bt corn

could cause movement to counteract any losses owing to cross-polli-

nation on refuge plants, but this is a more complicated scenario to

model and no data exist to test this hypothesis. In cotton, movement

away from Bt and non-Bt plants may be different or the same de-

pending on variety (Jackson et al. 2010).

Survival on Bt Cotton
Edwards et al. (2013) obtained opinions from seven entomologists

to select their survival rates on Bt cotton. For Cry1Ac, Cry1Ac x

Cry2Ab, Cry1Ab�Cry1F, and Cry1Ab�Vip3A, the estimated sur-

vival rates were 0.46, 0.14, 0.20, and 0.09, respectively.

Sivasupramaniam et al. (2008) observed survival on Cry1Ac cotton

of 0.40 and Cry1Ac�Cry2Ab2 of 0.08. Dividing the Cry2Ab pyra-

mid estimates in both publications by the respective survival on

Cry1Ac (0.14/0.46 and 0.08/0.40) allows us to find the Cry2Ab con-

tribution to survival, which is 0.30 and 0.20 in each study. Brévault

et al. (2013) measured survival on plant material in the laboratory.

They observed survival of 0.70 on non-Bt cotton, 0.04 on Cry1Ac

(lower than expected), and 0.01 on Cry1Ac�Cry2Ab. This means

that, relative to that observed on non-Bt corn, survival owing to

Cry1Ac was 0.057 and that owing to Cry2Ab was 0.25. Thus, the

Cry2Ab survival seems to be 0.25 based on all three studies.

However, the survival rate of 0.057 on Cry1Ac observed by

Brévault et al. (2013) seems similar to that observed by Anilkumar

et al. (2009) but much lower than that observed by others (Kurtz

2005, Sivasupramaniam et al. 2008), including the eight experts

cited by Edwards et al. (2013). We chose to use the survival rate ob-

served by Sivasupramaniam et al. (2008), which is 0.40 on Cry1Ac

cotton. Dividing survival rate of 0.2 on Cry1Ab�Cry1F cotton pro-

posed by experts cited in Edwards et al. (2013) by the 0.4 value just

chosen for Cry1A, we obtain a survival rate of 0.5 for Cry1F cotton.

Bommireddy and Leonard (2008) observed 7–28% survival on

Vip3A cotton plant tissues after 4 d of exposure. The authors noted

that survival would likely be less over a longer period. Therefore, we

believe that a benchmark value for survival of the entire larval stage

on Vip3A cotton should be 0.07. For the other three survival rates,

assuming multiplicative survival on pyramids, we chose the follow-

ing survival rates to be benchmark values: 0.40 on Cry1Ac, 0.25 on

Cry2Ab, and 0.50 on Cry1F.

Brévault et al. (2013) concluded that inheritance of resistance on

Cry1Ac cotton was not completely recessive. The value of h was

0.25. Brévault et al. (2013) found no fitness costs for resistant larvae
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on non-Bt cotton. They concluded that resistant phenotypes of corn

earworm have incomplete resistance on at least one insecticidal trait.

However, to be conservative in our analysis, we chose to assume

complete resistance (100% survival) for homozygous-resistant lar-

vae on all Bt cotton. We also assume redundant killing for larvae on

pyramided Bt cotton.

Calculation of Genotypic Survival
We assume there is complete resistance (100% survival) when resis-

tance is homozygous at a single locus. Heterozygote survival is cal-

culated in the typical manner. Given Wss and Wrr survival for the

two homozygotes, Wrs¼hWrrþ (1-h)Wss, where h is dominance of

resistance. When h¼0, resistance is completely recessive. As demon-

strated by Tabashnik et al. (2004), we modeled functional domi-

nance based on dose of insecticide. We assume that dominance, h,

equals the proportional survival rate for homozygous-susceptible

larvae over the entire larval period. Although Brévault et al. (2013)

calculated a value of h¼0.25 for expression of the allele conferring

resistance to Cry1Ac, we do not use this value because it would ac-

tually be lower than all of the values derived from our rule for

Cry1Ab and Cry1Ac. We use h to calculate survival of heterozygotes

and then use the exponent q to calculate survival for each larval

stage (equations 4 and 5).

Our model allows cross-resistance to be modeled as complete or

partial and symmetrical or asymmetrical. The parameter CR1-2 is

defined as the cross-resistance for the Bt protein 2 when resistance

occurs to Bt protein 1. When CR1-2¼0, there is no cross-resistance.

When CR1-2¼� (0<�<1), there is partial cross-resistance be-

tween Bt proteins 1 and 2. In other words, CR1-2 is a variable that

denotes cross-resistance and shows that when 100% survival occurs

on Bt protein 1, there will be x survival on Bt protein 2. Although

there is no evidence of cross-resistance in corn earworm with the

common insecticidal traits, we chose a conservative value of 0.1 for

cross-resistance for all resistance genes.

The formulas used for calculating survival for two-toxin pyra-

mids are shown in Table 1. Formulas similar to these were created

in our computer program (R language in Rx64 V3.02) for a pyramid

of three or more Bt proteins. For example, given wild-type suscepti-

ble alleles A, X, and M and resistance alleles B, Y, and N, we can

calculate the survival rate of the genotype ABXYMN on a pyramid

of three Bt proteins by separately calculating the survival rates of ge-

notype AB on Bt protein 1, XY on Bt protein 2, and MN on Bt

protein and multiplying these three survival rates to get the overall

survival rate. For example, to calculate the survival rate Ssr2 of het-

erozygote AB on Bt protein 1, the program performs the following

steps. First, it calculates the AB survival rate without cross-resis-

tance, Ssr¼ (1-h1)� S1þh1� s1. Then, it calculates the survival rate

based on cross-resistance from the Y allele, which is CR2-1�h2� s2.

The survival rate of AB with cross-resistance of Y is Ssr1¼ Ssrþ(1-

Ssr)� (CR2-1�h2� s2). Third, it calculates the survival rate based

on cross-resistance from the N allele, which is CR3-1�h3� s3. The

survival rate of AB with cross-resistance caused by Y and N is

Ssr2¼ Ssr1þ(1- Ssr1)� (CR3-1�h3� s3), where s3 and h3 are survival

rate of NN on Bt protein 3 and associated dominance value, and

CR3-1 is partial cross-resistance between Bt proteins 1 and 3, respec-

tively. Note that the value of CR3-1 is the survival on Bt protein 1

when 100% survival occurs on Bt protein 3. This algorithm can be

applied to other genotypes. We apply the cross-resistance factor to

the separate survival rates for young and old larvae (before and after

movement).

Required Corn Refuge
We evaluated IRM strategies that require 5–20% refuge either as a

block or blend. We assume that block refuges are planted with a

50% compliance rate.

Calculating Changes in Resistance Allele Frequency
The final step is calculating the landscape-level change in allele fre-

quency by determining mean survival of each genotype. Survival in

each part of landscape is multiplied by the proportion of the land-

scape (after all adjustments described previously) that consists of

that plant type. After the proportion of each genotype in the land-

scape is calculated, the allele frequencies for the adults are deter-

mined. The genotypes of the offspring are derived from the adult

gene pool by assuming Hardy–Weinberg ratios. Edwards et al.

(2013) assumed that initial resistance allele frequencies for Cry1A

and Cry2 were 0.002 and 0.0002, respectively. We take a more con-

servative approach and assume that the benchmark values of initial

resistance allele frequencies for all loci are 0.005.

Computer Program Verification
We verified the logic of the computer program (R language in R�64

V3.02) in several ways. The program was compared with two sets of

Table 1. Example of formulas for survival rates for larvae feeding on a pyramid of Bt proteins, with subscripts representing resistance

genes

Genotype Total survival

AAXX S1� S2

AAXY [S1þ (1� S1)� (CR2�1� h2� s2)]� [(1� h2)� S2þ h2� s2]

AAYY [S1þ (1� S1)� (CR2�1� s2)]� s2

ABXX [(1� h1)� S1þ h1� s1]� [S2þ (1� S2)�CR1�2� h1� s1]

ABXY {[(1� h1)� S1þ h1� s1]þ (1� [(1-h1)� S1þ h1� s1])� (CR2-1� h2� s2)}� {[(1� h2)� S2þ h2� s2]þ (1� [(1� h2)� S2þ h2� s2])

� (CR1-2� h1� s1)}

ABYY {[(1� h1)� S1þ h1� s1]þ (1� [(1-h1)� S1þ h1� s1])� (CR2�1� s2)}� [s2þ (1� s2)� (CR1�2� h1� s1)]

BBXX s1� [S2þ (1� S2)�CR1�2� s1]

BBXY [s1þ (1� s1)� (CR2�1� h2� s2)]� {[(1� h2)� S2þ h2� s2]þ (1� [(1� h2)� S2þ h2� s2])�CR1�2� s1}

BBYY [s1þ (1� s1)� (CR2�1� s2)]� [s2þ (1� s2)� (CR1�2� s1)]

In this case, the pyramid includes two toxins related to two resistance genes, where A and X are wild-type susceptible alleles and B and Y confer resistance.

S1 is defined as the proportion of susceptible insects surviving Bt protein 1.

s1 is defined as the proportion of susceptible insects surviving on non-Bt maize or as the proportion of resistant insects surviving Bt protein 1. Survival of resis-

tant insects on Bt maize was assumed to be the same as survival of susceptible insects on non-Bt maize.

CR1-2 is defined as the cross-resistance parameter for the Bt proteins 1 and 2.
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previous model results. A simple, abstract, two-gene model was

used to test two-gene scenarios by eliminating larval movement fac-

tors. The results from Mallet and Porter (1992) were also verified by

studying one major resistance gene and only incorporating late lar-

val movement. In addition, the genotype survival rates were manu-

ally calculated under three-gene scenarios to match the results

derived from model. We used a general two-gene model developed

in the R programming language to test the effective-refuge and lar-

val-movement algorithms.

Results

The results should be studied for 1) any important differences in du-

rability owing to required refuge level, 2) differences between

blended and block refuge, and 3) differences in conclusions across

insecticidal products. Note that the large differences in landscapes

between the three modeled states make a direct comparison useless

without reference to the benchmark values for each state.

Tables 2 and 3 display the results for MS, which was modeled

with 6.5% unstructured corn refuge and 35% refuge for cotton.

Tables 2 and 3 indicate that durabilities are prolonged with more in-

secticidal traits. The durability of corn with MON810�DAS-

01507-1 and double-traited Bt cotton products is 8.25 yr with the

benchmark parameters and 20% block refuge (Table 2), whereas all

the durabilities of corn with MON810�DAS-01507-1�MIR162

and the triple-traited Bt cotton are above that number for any re-

quired refuge of at least 5% or any unstructured corn refuge of at

least 3% (Table 3). Table 2 indicates that blended refuge is slightly

superior to blocks with 50% compliance with refuge deployment.

With the higher-dose products, such as corn with MON810�DAS-

01507-1�MIR162, the durabilities are more sensitive to refuge

level (Table 3). With 5% required refuge, durabilities are 16.25 and

17.25 yrs, respectively, for block and blend (Table 3). Neither type

of refuge is clearly superior to the other with a 50% compliance rate

for block refuge.

The “best” insecticidal trait for control may not last longer than

the others. In our simulations, the allele conferring resistance to

Vip3A evolved faster than the others in MON810�DAS-01507-

1�MIR162 and Bt cotton. For example, in MS simulations with

benchmark parameters, the allele conferring resistance to Vip3A

reached 50% frequency 3–5 yr faster than the durabilities for corn

with MON810�DAS-01507-1�MIR162 with minimum 5% re-

quired refuge (Table 3). The difference in durability increases as the

refuge size increases.

For GA, our benchmark model included 85.7% unstructured

corn refuge and 3.2% refuge for cotton populations. All durabilities

for corn with MON810�DAS-01507-1 and double-traited Bt

cotton are less than 10 yr (Table 4). Adding required corn refuge has

almost no influence on results. Benchmark durability increases to

circa 12 yr for corn with MON810�DAS-01507-1�MIR162 and

the triple-traited Bt cotton (Table 5). Again, the results are insensi-

tive to amount of required corn refuge. The large amount of unstruc-

tured corn refuge in GA overwhelms any contribution from required

corn refuge. If we increase non-Bt cotton from 1 to 20% in the

model, durabilities for corn with MON810�DAS-01507-1�
MIR162 increase to 26–31 yr in GA, more than double those shown

in Table 5.

Tables 6 and 7 present the results for TX, which we modeled

with 54% unstructured refuge (corn and sorghum) for Bt corn and

14% refuge for Bt cotton. Table 6 has results similar to those in

Table 3 for MS. Benchmark simulations indicate that durabilities of

corn with MON810�DAS-01507-1 and the double-traited Bt cot-

ton are 10–10.75 yrs (Table 6). The durability of the double-traited

products is 10.25 yr with the benchmark parameters and 20% block

refuge (Table 6), whereas all the durabilities of corn with

MON810�DAS-01507-1�MIR162 and the triple-traited Bt cot-

ton are at least double that number (Table 7). Results in both tables

are not sensitive to changes in required corn refuge.

In our most complex sensitivity analysis, we allowed corn ear-

worm to infest both corn and cotton for one generation. For MS,

durabilities of corn with MON810�DAS-01507-1�MIR162 with

benchmark unstructured corn refuge declined by no more than 2.25

yr (10%). For GA with three generations on cotton, durabilities de-

creased by 0.5 yr. However, three generations on corn in-

creased durabilities by 3 yr, or 25%, because the large corn refuge

was available during the first cotton generation. For TX, three

generations on corn increased durabilities by no more than 2.75 yr

(10%). Three generations on cotton changed the results for TX by

less than 1 yr.

Because GA and TX have much more unstructured corn refuge

than MS, we chose to determine the sensitivity of results for MS sim-

ulations. Sensitivity to changes in initial resistance allele frequency

(IRAF), dominance of resistance, and cross-resistance will be similar

in all simulations. However, the simulations for GA and TX will be

less sensitive than those for MS with regard to parameters pertaining

to the corn crop. Thus, all of the following sensitivity analyses were

performed with benchmark parameters for MS and evaluated the

durability of corn with MON810�DAS-01507-1�MIR162.

As expected, results are sensitive to IRAF and dominance. For

simulations with MS benchmark parameters, durability of corn with

MON810�DAS-01507-1�MIR162 increased by 7–13 yrs (50%)

when IRAF was reduced to 0.001 from 0.005. When the IRAF was

increased to 0.02 from 0.005, a reduction in durability of 8–16 yrs

occurred. Similar patterns were observed for dominance. When

dominance was decreased by half, durability increased by 8–14.5 yrs

Table 2. Years of durability in Mississippi when MON810�DAS-01507-1 is planted on all Bt cornfields and pyramided Bt cotton does not

express Vip3A

Unstructured

refuge

No. required

refuge

Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0 6.25 6.5 7 7.5 7 7.5 8.75

0.03 6.5 7 7.25 8 7.25 8 9.25

0.065 7.25 7.25 7.75 8.25 7.75 8.25 9.5

0.1 7.5 8 8.25 9 8.25 8.75 10

0.2 9 9.25 9.5 10.25 9.5 10.25 11.25

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5

Benchmark value of unstructured refuge is 0.065.
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(over 50%). When dominance was doubled in the simulations for

MS, durability of corn with MON810�DAS-01507-1�MIR162

was reduced by 6–12.5 yrs.

Durability of corn with MON810�DAS-01507-1�MIR162

was also sensitive to changes in cross-resistance. When we increased

cross-resistance for all genes from 0.1 to 0.2, durability declined by

4–7 yrs (25–0% change). When cross-resistance was eliminated

from the model, durability was prolonged by 5.5–7.5 yrs (30–40%

change). Note that there is no evidence of cross-resistance in corn

earworm for the simulated insecticidal traits.

Table 3. Years of durability in Mississippi when MON810�DAS-01507-1�MIR162 is planted on all Bt cornfields and pyramided Bt cotton

expresses Vip3A

Unstructured refuge No. required refuge Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0 3.25 8.25 11.75 17.75 10.25 14.25 21

0.03 9 12.25 15.25 20.75 13.5 17.25 23.25

0.065 13.5 16.25 19.25 24.25 17.25 20.25 25.5

0.1 17.75 20.25 22.75 27.25 20.75 23.5 28

0.2 28.25 30.25 32 35.5 30 31.75 34.75

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5.

Benchmark value of unstructured refuge is 0.065.

Table 4. Years of durability in Georgia when MON810�DAS-01507-1 is planted on all Bt cornfields and pyramided Bt cotton does not

express Vip3A

Unstructured refuge No. required refuge Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0.5 7.25 7.25 7.5 7.75 7.5 7.75 7.75

0.7 8.25 8.5 8.5 8.75 8.5 8.75 8.75

0.8 9 9 9 9 9 9 9

0.857 9 9 9 9 9 9 9.25

0.9 9.75 9.75 9.75 9.75 9.75 9.75 9.75

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5.

Benchmark value of unstructured refuge is 0.857.

Table 5. Years of durability in Georgia when MON810�DAS-01507-1�MIR162 is planted on all Bt cornfields and pyramided Bt cotton

expresses Vip3A

Unstructured refuge No. required refuge Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0.5 10.75 10.75 10.75 10.75 10.75 10.75 10.75

0.7 11.25 11.25 11.25 11.5 11.25 11.25 11.5

0.8 11.75 11.75 11.75 11.75 11.75 11.75 11.75

0.857 11.75 11.75 12 12 11.75 12 12

0.9 12 12 12 12 12 12 12

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5.

Benchmark value of unstructured refuge is 0.857.

Table 6. Years of durability in Texas when MON810�DAS-01507-1 is planted on all Bt cornfields and pyramided Bt cotton does not express

Vip3A

Unstructured refuge No. required refuge Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0 8.5 8.75 8.75 9 8.75 9 9.25

0.05 8.75 8.75 9 9 9 9 9.75

0.1 9 9 9 9.25 9 9.25 9.75

0.285 10 10 10 10.25 10 10.25 10.75

0.5 11 11 11 11.25 11 11.25 11.75

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5.

Benchmark value of unstructured refuge is 0.285.
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Larval movement and cross-pollination are two parameters likely

influencing the effectiveness of blended refuge. For MS conditions, re-

sults are not sensitive to doubling or halving the movement rate. When

larval movement was either reduced to 0% or increased to 30%, dura-

bility of corn with MON810�DAS-01507-1�MIR162 changed by

no more than a 1 or 2.75 yr, for a 5% blend and a 20% blend, respec-

tively. As expected, low rates of movement do not influence IRM for

blended refuge and MON810�DAS-01507-1�MIR162.

Figs. 3 and 4 indicate the sensitivity of modeling results for MS

to changes in survival owing to cross-pollination and compliance

rate. Durability of corn with MON810�DAS-01507-1�MIR162

with blended refuge is most sensitive to reduction in survival owing

to cross-pollination from 1 to 0.7 (Fig. 3). Durability of corn with

MON810�DAS-01507-1�MIR162 planted with block refuges is

sensitive to any changes in farmer compliance with refuge planting

requirements (Fig. 4).

We performed a sensitivity analysis on the parameter q, which

determines how much of the larval mortality occurs in the young

versus old age classes (equations 4 and 5). For blended refuge sce-

narios under MS conditions, the results changed by no more than

1.5 yr (10% change) when we increased q by 0.15 from its bench-

mark value of 0.65–0.80. The change was only 0.5 yr when q was

reduced by 0.15. In all scenarios, as q increased, causing greater ef-

fect on early instars, durability of corn with MON810�DAS-

01507-1�MIR162 declined.

Discussion

When Bt cotton expresses the same number of insecticidal traits,

corn with three insecticidal traits provides longer durability, as

expected, than corn pyramided with two. Blended refuge provides

similar durability for corn products compared with the same level of

required block refuge when the compliance rate is 50%. Results for

MS and TX are similar, but durabilities for all traits are lower in

GA, where unstructured corn refuge is the highest of the three states

and refuge for Bt cotton is 3%, the lowest of the three states.

Cross-pollination from Bt plants to non-Bt plants can be impor-

tant for IRM of kernel-feeding pests. For corn earworm, we have in-

formation from five field trials that measured survival of larvae on

refuge plants adjacent to Bt corn. The data indicated that survival

can be reduced by cross-pollination and that the survival ranges

from 0.61 to 1.0. It is possible that the cross-pollination effect will

vary over time and location. However, for a long-term study of evo-

lution, the mean effect (survival reduced to 0.91) will likely give us a

reasonable understanding of consequences for evolution and IRM.

Note that cross-pollination effect occurs only in second generation

and only in one of four generations per year selected by insecticidal

traits. As noted above under benchmark conditions for all three

states, block and blended refuges contributed equally to IRM when

compliance rate was taken into consideration.

Several other field studies of kernel feeding and cross-pollination

involving different types of corn demonstrate the variability in ex-

perimental techniques applied to this problem. Horner et al. (2003a)

compared survival of larvae on ears of field corn expressing Cry1Ab

with survival on non-Bt ears in 1996–1997. The feeding patterns

suggested that larvae in Bt ears are moving about sampling kernels

more frequently than larvae in non-Bt ears. As expected from

knowledge of gene expression in kernels, expression of endotoxin

was variable in the kernels on Bt corn.

Table 7. Years of durability in Texas when MON810�DAS-01507-1�MIR162 is planted on all Bt cornfields and pyramided Bt cotton

expresses Vip3A

Unstructured refuge No. required refuge Block refuge proportion, compliance 50% Blended refuge proportion

0.05 0.1 0.2 0.05 0.1 0.2

0 22.5 22.75 23 23.75 22.75 23 23.25

0.05 23 23.25 23.75 24 23.25 23.5 24

0.1 23.75 23.75 24 24.5 23.75 24 24.25

0.285 25.25 25.75 25.75 26 25.5 25.75 25.75

0.5 27 27.25 27.25 27.75 27 27.25 27.25

Year in which all alleles conferring resistance to insecticidal corn exceed a frequency of 0.5.

Benchmark value of unstructured refuge is 0.285.

Fig. 3. Influence of cross-pollination effects on corn earworm survival on du-

rability of corn with MON810�DAS-01507-1�MIR162 under Mississippi con-

ditions with a benchmark value of 0.91.

Fig. 4. Influence of farmer compliance rate for planting block refuge on dura-

bility of corn with MON810�DAS-01507-1�MIR162 under Mississippi condi-

tions with a benchmark value of 0.50.
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Burkness et al. (2011) demonstrated in several experiments with

Cry1Ab sweet corn and natural infestations that survival was 63%

on refuge ears pollinated with Bt pollen compared with survival on

non-Bt ears not cross-pollinated. Yang et al. (2014b) evaluated a

seed blend of Bt corn expressing Cry 1A.105/Cry2Ab2 and Cry1F

and non-Bt corn in a field trial with natural infestations in

Louisiana. After sampling fourth instars on non-Bt corn, they ob-

served more larvae on the central non-Bt plant in blend than in pure

non-Bt refuge at the end of the experiment. However, in a subse-

quent field study using the same Bt corn, Yang et al. (2014a) ob-

served only 37% survival relative to the pure stand of refuge corn.

In this field trial, they placed two neonates from a laboratory colony

on the top of each ear after removing all larvae naturally infesting

the ears. The ears were then covered with bags (Yang et al. 2014a).

In a 2-yr study in MS, Babu (2013) measured survival with

artificial infestations of refuge ears hand-pollinated with pollen

containing traits for Cry 1A.105 and Cry2Ab2. He calculated

relative survival rates of 67 and 64% after 10 d of exposure, respec-

tively, but the latter value was not significantly different from the

observed survival on non-Bt corn ears without cross-pollination.

Thus, we conclude that the effects of cross-pollination and our

ability to observe these effects are likely influenced by many factors,

including weather, corn hybrid, cultivation practices, pollination,

and corn earworm behavior, that vary from season-to-season and

site-to-site.

In 1996, average survival of larvae on Cry1Ab corn was 36% af-

ter accounting for survival on non-Bt corn (Horner et al. (2003a).

Horner et al. concluded “MON810 corn suppressed the establish-

ment and development of H. zea to late instars by at least 75%. This

level of control is considered a moderate dose.” Storer et al. (2001)

also measured mortality on MON810 in 1997–1998 and concluded

that survival could be as much as 40% to the prepupal stage and

35% to adulthood.

Future research should focus on four subjects. First, it will be dif-

ficult to create a model of corn earworm population densities for all

crops in the landscape unless entomologists measure density-

dependent survival (carrying capacity) on crops other than corn.

Cannibalism has been well-studied on corn (Horner and Dively

2003, Storer et al. 2003), but we need similar knowledge about den-

sity-dependent survival on other crops to abandon the frequency-

based approach used in this paper. Second, we did not include

fitness costs of resistance in the corn earworm parameters, such as

reduced survival or reduced fecundity by resistant phenotypes on

non-Bt crops (Gustafson et al. 2006). Third, the influence of annual

immigration into these states from corn earworm populations in

Mexico was not modeled. The modeling performed by Hutchison

and Storer (2010) indicates that this migration could be important

to the population dynamics and genetics by adding new susceptible

insects each year. Fourth, Edwards et al. (2013) noted that

agroecosystems are dynamic. They urged modelers to update their

simulated landscapes periodically to account for changes owing to

economics and other factors. Furthermore, the landscapes of the

southern United States are likely even more complex and

heterogeneous than the few landscapes that we represented in our

complex model.

Acknowledgments

We thank Gabrielle Herbert and Yao He for assistance with statistics and

graphs. We also thank Robert Bowling, Ed Bynum, Greg Cronholm (retired),

and Blayne Reed of Texas A&M AgriLife Extension for their advice about

corn earworm in Texas.

Supplementary Data

Supplementary data are available at Journal of Economic Entomology online.

References Cited

Adams, B. P., A. L. Catchot, B. V. Kanel, D. Bao, J. Bibb, and K. Lanford.

2013a. Efficacy of selected insecticides for control of corn earworm in

grain sorghum, 2012. Arthropod Manage. Tests 38. doi:10.4182/

amt.2013.F54

Adams, B. P., A. L. Catchot, B. V. Kanel, D. Bao, J. Bibb, and K. Lanford.

2013b. Efficacy of selected insecticides in different head types of grain sor-

ghum for control of corn earworm and sorghum webworm, 2012.

Arthropod Manage. Tests 38. doi:10.4182/amt.2013.F55

Agee, H. R. 1969. Mating behavior of bollworm moths. Ann. Entomol. Soc.

Am. 62: 1120–1122.

Akin, D. S., N. R. Bateman, and J. E. Howard. 2012. Performance of various

insecticides against corn earworm in soybean, 2011. Arthropod Manage.

Tests 37. doi:10.4182/amt.2012.F70.

Anilkumar, K. J., S. Sivasupramaniam, G. Head, R. Orth, E. Van Santen, and

W. J. Moar. 2009. Synergistic interactions between Cry1Ac and natural cot-

ton defenses limit survival of Cry1Ac-resistant Helicoverpa zea

(Lepidoptera: Noctuidae) on Bt cotton. J. Chem. Ecol. 35: 785–795.

Babu, A. 2013. Implications of volunteer corn and cross-pollination of Bt and

non-Bt corn on corn earworm (Lepidoptera: Noctuidae) Bt resistance man-

agement, p. 124. MSc thesis. Mississippi State University, MS.

Babu, A., D. R. Cook, M. A. Caprio, K. C. Allen, F. R. Musser. 2014. Prevalence

of Helicoverpa zea (Lepidoptera: Noctuidae) on late season volunteer corn in

Mississippi: Implications on Bt resistance management. Crop Prot. 64: 207–214

Bommireddy, P. L., and B. R. Leonard. 2008. Survivorship of Helicoverpa zea

and Heliothis virescens on cotton plant structures expressing a Bacillus thur-

ingiensis vegetative insecticidal protein. J. Econ. Entomol. 101: 1244–1252.

Brévault, T., S. Heuberger, M. Zhang, C. Ellers-Kirk, X. Ni, L. Masson, X. Li,

B. E. Tabashnik, and Y. Carrière. 2013. Potential shortfall of pyramided

transgenic cotton for insect resistance management. Proc. Natl. Acad. Sci.

USA 110: 5806–5811.

Burkness, E. C., P. K. O’Rourke, and W. D. Hutchison. 2011. Cross-pollina-

tion of nontransgenic corn ears with transgenic Bt corn: Efficacy against

Lepidopteran pests and implications for resistance management. J. Econ.

Entomol. 104: 1476–1479.

Burkness, E. C., T. M. Cira, S. E. Moser, and W. D. Hutchison. 2015. Bt

maize seed mixtures for Helicoverpa zea (Lepidoptera: Noctuidae): Larval

movement, development, and survival on non-transgenic maize. J. Econ.

Entomol. 108: 2761–2769.

Callahan, P. S. 1958. Behavior of the imago of the corn earworm, Heliothis

zea (Boddie), with special reference to emergence and reproduction. Ann.

Entomol. Soc. Am. 51: 271–283.

Caprio, M. A., C. D. Parker, and J. C. Schneider. 2009. Future fitness of female

insect pests in temporally stable and unstable habitats and its impact on hab-

itat utility as refuges for insect resistance management. J. Insect Sci. 9: 44.

Chilcutt, C. F., G. N. Odvody, J. C. Correa, and J. Remmers. 2007. Effects of

Bacillus thuringiensis transgenic corn on corn earworm and fall armyworm

(Lepidoptera: Noctuidae) densities. J. Econ. Entomol. 100: 327–334.

Crespo, A.L.B., A. P. Alves, Y. Wang, B. Hong, J. L. Flexner, A. Catchot, D.

Buntin, and D. Cook. 2015. Survival of corn earworm (Lepidoptera:

Noctuidae) on Bt maize and cross-pollinated refuge ears from seed blends. J.

Econ. Entomol. doi:http://dx.doi.org/10.1093/jee/tov272.

Edwards, K. T., M. A. Caprio, K. C. Allen, and F. R. Musser. 2013. Risk as-

sessment for Helicoverpa zea (Lepidoptera: Noctuidae) resistance on dual-

gene versus single-gene corn. J. Econ. Entomol. 106: 382–392.

Fitt, G. P. 1989. The ecology of Heliothis species in relation to agroecosys-

tems. Annu. Rev. Entomol. 34: 17–52.

Gustafson, D. I., G. P. Head, and M. A. Caprio. 2006. Modeling the impact of

alternative hosts on Helicoverpa zea adaptation to Bollgard cotton. J. Econ.

Entomol. 99: 2116–2124.

Head, G., R. E. Jackson, J. Adamczyk, J. R. Bradley, J. Van Duyn, J. Gore, D.

D. Hardee, B. R. Leonard, R. Luttrell, J. Ruberson, et al. 2010. Spatial

and temporal variability in host use by Helicoverpa zea as measured by

830 Journal of Economic Entomology, 2016, Vol. 109, No. 2

Deleted Text: to
Deleted Text: 4th 
Deleted Text: two
Deleted Text: ea
Deleted Text: &percnt;
Deleted Text: ays
Deleted Text: season 
Deleted Text: to 
Deleted Text: site 
Deleted Text: to 
Deleted Text:  
Deleted Text: -
Deleted Text: in order 
Deleted Text:  
Deleted Text: due
Deleted Text: US
Deleted Text:  
http://jee.oxfordjournals.org/lookup/suppl/doi:10.1093/jee/tov340/-/DC1
http://dx.doi.org/10.1093/jee/tov272


analyses of stable carbon isotope ratios and gossypol residues. J. Appl. Ecol.

47: 583–592.

Herbert, D. A., Jr, S. Malone, M. Arrington, D. Owens, and J. Samler. 2012a.

Evaluation of selected foliar insecticides for control of corn earworm in 15-

inch row spaced soybean, 2011. Arthropod Manage. Tests 37. doi:10.4182/

amt.2012.F77.

Herbert, D. A., Jr, S. Malone, M. Arrington, D. Owens, and J. Samler. 2012b.

Evaluation of selected foliar insecticides for control of corn earworm in 7.5-

inch row spaced soybean, 2011. Arthropod Manage. Tests 37. doi:10.4182/

amt.2012.F78.

Horner, T. A., and G. P. Dively. 2003. Effect of MON810 Bt field corn on

Helicoverpa zea (Lepidoptera: Noctuidae) cannibalism and its implications

to resistance development. J. Econ. Entomol. 96: 931–934.

Horner, T. A., G. P. Dively, and D. A. Herbert. 2003a. Development, survival

and fitness performance of Helicoverpa zea (Lepidoptera: Noctuidae) in

MON-810 Bt field corn. J. Econ. Entomol. 96: 914–924.

Horner, T. A., G. P. Dively, and D. A. Herbert. 2003b. Effects of MON810 Bt

field corn on adult emergence of Helicoverpa zea (Lepidoptera: Noctuidae).

J. Econ. Entomol. 96: 925–930.

Hutchison, W. D., and N. P. Storer. 2010. Expanded use of pyramided trans-

genic maize hybrids expressing novel Bacillus thuringiensis toxins in the

southern U.S.: Potential for areawide suppression of Helicoverpa zea

(Lepidoptera: Noctuidae) in the Mississippi Delta. Southwest. Entomol. 35:

403–408.

Jackson, R. E., J. R. Bradley, J. Van Duyn, B. R. Leonard, K. C. Allen, R.

Luttrell, J. Ruberson, J. Adamczyk, J. Gore, D. D. Hardee, et al. 2008.

Regional assessment of Helicoverpa zea populations on cotton and non-cot-

ton crop hosts. Entomol. Exp. Appl. 126: 89–106.

Jackson, R. E., J. Gore, and C. Abel. 2010. Bollworm (Lepidoptera:

Noctuidae) behavior on transgenic cotton expressing Cry 1Ac and CrylF

Proteins. J. Entomol. Sci. 45: 252–261

Javaid, I., J. Joshi, R. B. Dadson, F. M. Hashem, and A. L. Allen. 2005.

The potential of Bt corn as a trap crop for the control of

corn earworm, Helicoverpa zea Boddie, in soybean. J. Sustain. Agric. 26:

115–121.

Kurtz, R. W. 2005. Data generation and utilization for evaluating Helicoverpa

zea (Lepidoptera: Noctuidae) resistance management in Bt field corn and

cotton through computer modeling. Ph.D. dissertation. North Carolina

State University, Raleigh, NC.

Mallet, J., and P. Porter. 1992. Preventing insect adaptation to insect-resistant

crops: Are seed mixtures or refugia the best strategy? Phil. Trans. R. Soc.

Lond. B Biol. Sci. 250: 165–169.

Onstad, D. W., and A. J. Gassmann. 2014. Chapter 5: Concepts and complexi-

ties of population genetics. In D. W. Onstad (ed.), Insect resistance manage-

ment: Biology, economics and prediction, 2nd ed. Academic Press, Oxford,

United Kingdom.

Onstad, D. W., and L. Knolhoff. 2014. Chapter 9: Arthropod resistance to

crops. In D. W. Onstad (ed.), Insect resistance management: Biology, eco-

nomics and prediction, 2nd ed. Academic Press, Oxford, United Kingdom.

Reay-Jones, F.P.F., and D. D. Reisig. 2014. Impact of corn earworm injury on

yield of transgenic corn producing Bt toxins in the Carolinas. J. Econ.

Entomol. 107: 1101–1109.

Sivasupramaniam, S., W. J. Moar, L. G. Ruschke, J. A. Osborn, C. Jiang, J. L.

Sebaugh, G. R. Brown, Z. W. Shappley, M. E. Oppenhuizen, J. W. Mullins,

et al. 2008. Toxicity and Characterization of cotton expressing Bacillus

thuringiensis Cry1Ac and Cry2Ab2 proteins for control of lepidopteran

pests. J. Econ. Entomol. 101: 546–554.

Smith, M. J., and A. J. Smith. 2014. Insect resistance management (IRM) com-

pliance assurance program report for corn borer-protected Bt corn, corn

rootworm-protected Bt corn, corn borer/corn rootworm-protected stacked

and pyramided Bt corn. Agricultural Biotechnology Stewardship Technical

Committee - IRM Stewardship Subcommittee, Johnston, IA.

Storer, N. P., J. W. Van Duyn, and G. G. Kennedy. 2001. Life history traits of

Helicoverpa zea (Lepidoptera: Noctuidae) on non-Bt and Bt transgenic corn

hybrids in eastern North Carolina. J. Econ. Entomol. 94: 1268–1279.

Storer, N. P., S. L. Peck, F. Gould, J. W. Van Duyn, and G. G. Kennedy. 2003.

Spatial processes in the evolution of resistance in Helicoverpa zea

(Leipdoptera: Noctuidae) to Bt transgenic corn and cotton in a mixed agroe-

cosystem: A biology-rich stochastic simulation model. J. Econ. Entomol. 96:

156–172.

Tabashnik, B., A. Gassmann, D. Crowder, and Y. Carrière. 2008. Insect resis-

tance to Bt crops: Evidence versus theory. Nat. Biotechnol. 26: 199–202.

Tabashnik, B. E., F. Gould, and Y. Carrière. 2004. Delaying evolution of in-

sect resistance to transgenic crops by decreasing dominance and heritability.

J. Evol. Biol. 17: 904–912.

USDA. 2014. Agricultural resource management survey. Crop production

practices. (http://www.ers.usda.gov/data-products/arms-farm-financial-

and-crop-production-practices/tailored-reports-crop-production-practices.

aspx) (accessed 12 June and 24 October 2014).

USDA-NASS. 2013. June 2013 Acreage Report. (http://usda.mannlib.cornell.

edu/MannUsda/viewDocumentInfo.do?documentID¼1000) (accessed 12

June 2014)

Williams, M. R. 2013. Cotton insect losses 2012, pp. 546–554. 2013 Beltwide

Cotton Conferences, San Antonio, TX.

Yang, F., D. L. Kerns, G. P. Head, B. R. Leonard, R. Levy, Y. Niu, and F.

Huang. 2014a. A Challenge for the seed mixture refuge strategy in Bt maize:

Impact of cross-pollination on an ear-feeding pest, corn earworm. PLoS

ONE 9: e112962. doi:10.1371/journal.pone.0112962

Yang, F., D. L. Kerns, G. P. Head, B. R. Leonard, Y. Niu, and F. Huang.

2014b. Occurrence, distribution, and ear damage of Helicoverpa zea

(Lepidoptera: Noctuidae) in mixed plantings of non-Bt and Bt corn contain-

ing Genuity SmartStax traits. Crop Prot. 55: 127–132.

Journal of Economic Entomology, 2016, Vol. 109, No. 2 831

http://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-practices/tailored-reports-crop-production-practices.aspx
http://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-practices/tailored-reports-crop-production-practices.aspx
http://www.ers.usda.gov/data-products/arms-farm-financial-and-crop-production-practices/tailored-reports-crop-production-practices.aspx
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1000
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1000
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1000

	tov340-TF1
	tov340-TF2
	tov340-TF3
	tov340-TF4
	tov340-TF5
	tov340-TF6
	tov340-TF7
	tov340-TF8
	tov340-TF9
	tov340-TF10
	tov340-TF11
	tov340-TF12
	tov340-TF13
	tov340-TF14
	tov340-TF15
	tov340-TF16

