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Introduction 

The USEPA, under its administration of the Federal Insecticide Fungicide and Rodenticide Act 

(FIFRA), requires the registration of all pesticides and pesticidal materials. The GM crops containing 

pesticidal traits are subject to FIFRA registration requirements. Concerns relating to future 

environmental effects of these crops can be investigated only using simulation models. Model 

application in this instance offers an analysis of the useful lifetime for the pesticidal traits. USEPA has 

clearly supported the use of these traits as replacements of broad spectrum pesticides that have 

significant environmental footprints. 

Background 

Resistance management (RM) simulation models are designed as deterministic, stochastic, and 

spatially explicit analytical methodologies. Simulation models can provide a realistic assessment of the 

risk of resistance evolution given the allele frequencies used as initial conditions. New concepts of PIP 

crop deployment such as refuge-in-the-bag require a detailed evaluation to ensure the claims associated 

with each concept offer the sustainable protection of the crop. Simulation models offer a means to 

evaluate the threat of crop loss through the development of resistance in the near future. 

Purpose 

This collaborative research effort was designed to evaluate the relative merit of refuge-in-bag 

concepts as submitted by Pioneer Hi-Bred International, Inc. This research specifically analyzed the 

relative risks related to the control of western corn rootworm in block refuge deployment and 5% seed-

mixture scenarios. 

Research Design 

To understand the relative risks related to the evolution of resistance in western corn rootworm 

between the currently mandated block refuge deployment and a 5% seed-mixture deployment as 

submitted Pioneer Hi-Bred International, Inc., two different models were developed and evaluated. The 

two models consisted of a modification of a spatially-explicit stochastic model (Caprio et al. 2006) and 

a simpler, frequency-based deterministic model.  The latter could be run in a single simulation mode 

with a graphical interface to enter parameters or in a risk-assessment mode capable of running 

thousands of simulations to estimate the effects of parameter uncertainty.  Realistic estimates for 
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several parameters using in the deterministic model were developed through use of the stochastic 

model. 

Impacts and Outcomes 

This research was designed to provide substantive information about the operation and 

capabilities of different resistance management models to assist the regulatory expert in its proper use 

and interpretation of results. 

Models Employed 

EPA POPGEN (Population Genetics Simulation Models) are a series of generalized, flexible 

population genetics modeling systems emphasizing the evolution of resistance to conventional 

pesticides as well as transgenic crops. The programs are capable of simulating complex landscapes that 

vary spatially as well as temporally over the course of a growing season. 

POPGEN-D 
The deterministic model POPGEN-D is a simple frequency-based model that incorporates non-

compliance, non-random mating in compliant fields and larval movement.  The model includes a 

switch to vary between a block-refuge design and a seed-mixture design. Biological parameters were 

primarily derived from that model with the exception of mortality rates, block size, dispersal rates and 

spatial aspects of refuge placement and movement. 

POPGEN-S2 
The stochastic model POPGEN-S2 is a modification of a previous written stochastic, spatially 

explicit, dual locus simulation model designed to evaluate the population dynamics of crop pest insects 

relating to the development of resistance to pesticidal controls installed in the crop. (Caprio et al 2006). 

Materials and Methods 

Stochastic Model 

The stochastic model was a modification of a previous western corn rootworm model (Caprio et 

al 2006). Biological parameters were primarily derived from that model with the exception of 

mortality rates, developmental delays, block size and dispersal rates.  These changes are discussed 

below. The stochastic model did not incorporate larval movement and was used only for evaluations of 
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different block refuge scenarios. 

Mortality rates: Mortality rates on transgenic corn were adopted from Pioneer's submission.  

We used two different dominance values (h), 0.05 and 0.2. If wss is the likelihood that a susceptible 

individual will emerge from transgenic corn relative to non-Bt corn, and we standardize wrr as 1, then 

the fitness of heterozygotes (wrs) is estimated as (wrr – wss)*h+wss. When h=0.05, heterozygotes were 

ca. 5x more likely to survive than susceptibles, and were ca. 20x more likely to survive when h=0.2 

when wss = 0.01. Those rates decrease as the fitness of susceptible homozygotes increase (a reflection 

of the difficulty in using dominance rather than the wrs:wss ratio). 

Developmental delays:  To replicate the developmental delay of larvae on transgenic plants in 

the Pioneer model, we added the ability to delay insects by not moving a portion of any age group by a 

fraction. Normally, all the individuals in an age group would age one day in the model per time step.  

In the current model, 5% were held back from each age group (though they did experience mortality) 

and did not age. This resulted in a mean developmental delay of 2.3 days.   

Block size: The simulated universe consisted of a 40x40 matrix of 30m x 30m blocks, or 144 

ha. Four different types of simulations were run with different field sizes.  Because the current refuge 

strategy requires that refuges be associated with each field, the four different scenarios were field sizes 

of 5x5 blocks (each block is 30m x 30m, for a total of 2.25 ha), 10x10 blocks (9 ha field size), 20x20 

blocks (36 ha field size) and finally a single 40x40 block field of 144 ha.  Mean field sizes in the U.S. 

range from as low as 2.5 ha/field to as high as 150 ha/field, with most fields in the 30-50 ha/field range.  

In each case, a 20% refuge was planted along one edge of the field. With the 5x5 block fields, this 

refuge consisted of a single row of 5 blocks along one edge.  In the 10x10 block fields, the refuge was 

2 rows wide and 10 blocks long. The refuge widths for the remaining scenarios were, of course, 4 and 

8 rows wide, maintaining in each case a 20% refuge (by area).  Pioneer maintained that a square field is 

a best-case scenario (Flexner 2009), but we feel the opposite is true.  It is difficult to determine from 

the Pioneer submission, but it appears that they simulated rectangular fields with refuges planted at the 

short ends of these fields. Most growers, however, plant lengthwise along such fields to minimize the 

number of turns they must make.  It is most common to plant the refuge along one long edge of the 

field. If dispersal of adults is in question, then as fields become more rectangular (length:width ratio 

increased), refuges become thinner but the maximum distance between any Bt-plant and the refuge 

decreases. Under these conditions a square field (as we used) maximizes the distance between refuge 

and Bt plants and can be seen as a worst case.  Pioneer's model (or at least my interpretation of their 
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model), maximizes the distance between refuge and Bt plants, but is not consistent with typical grower 

practices. 

Adult dispersal: Dispersal was modeled based on Pioneer's dispersal data.  We combined the 

data from Pioneer Fig. 3 and built probability distributions based on the frequency of beetles moving 

different distances.  In short, if the total height of the bars in the above graphs summed to one, then the 

individual bar heights would represent the likelihood that a beetle would move that distance.  One 

change was made.  The Pioneer data includes beetles that did not disperse.  The zero movement class 

consisted of 45% of the beetles, so the stochastic model assumes that 45% beetles do not disperse (on a 

daily basis) while the remainder move according to the Nowatski data.  The terminology difference 

may be important.  Pioneer's interpretation of the data is that beetles move an average of 14.5m/day. 

Using the same data, but only looking at beetles that move, the average movement rate is ca. 29m/day.   

This is purely a difference based on definition.  In the our stochastic model, each day a beetle that was 

dispersing would be assigned a random position in the 30x30m block, chose a random direction, 

determine the distance it moved (based on the Nowatski data) and move it to a new block.  As beetles 

disperse, they may move only a short distance and not change the 30x30m block where they are 

currently located.   

To determine how well the stochastic model dispersal kernal matched the Nowatski data, a 

simulation was run in which one block was populated with adults and the remaining blocks were 

empty. The number of beetles along a transect through the fields was counted every 3 days (Table 1, 

Fig. 1), corrected for the number of cells at a distance and multiplied by the distance they had dispersed 

to estimate the mean dispersal rate (per Nowatski) at different times (Table 2).  The dispersal rate 

estimated after 3 days is 17.6m/day, which approximates the Nowatski estimate.  Given the model uses 

actual field data to parametrize the dispersal, it was felt that this was a suitable match.  Interestingly, 

the data from Table 2 demonstrate that the estimate of the mean dispersal rate drops over time.  This 

occurs because beetles don't move in a straight line day after day.  Brownian diffusion (based on a 

random walk) is usually assumed for insect dispersal.  By confounding measurements over 3 days and 

using that data in a daily time-step model, Pioneer may have underestimated the daily dispersal rate of 

western corn rootworm.  To demonstrate this process, a simple spreadsheet was constructed in which 

10 individuals are simulated that all move 14.5m/day. At the start of each day a new direction is 

randomly drawn and the beetles move 14.5m in that direction.  The right-hand column shows estimates 

of the dispersal rate using the Nowatski method.  Only the estimates from the first day accurately 
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estimate dispersal rate/day (because all the individuals are moving away from the release point).  

Estimates based on beetles displacement on subsequent days tend to underestimate daily movement.  

After three days of movement the estimated dispersal rate/day is less then half the actual value (because 

the spreadsheet uses random numbers, values may differ).  Unfortunately, because we do not have 

access to the original data and do not know the capture distributions for beetles of different ages, we 

cannot correct for this problem.  In retrospect, analysis of the data using a diffusion model may have 

been more appropriate.  If we assume that Table 3 can show the extent of underestimation of the 

dispersal, and that equal numbers of beetles were caught on days 1,2 and 3, a “ballpark” figure is 

indicates Nowatski underestimated the daily dispersal rate by a factor of 0.68.  Using a definition of 

estimating the dispersal as the distance a beetle moves when it moves (this is purely semantics but 

critical to define), and correct by the above factor, the resultant dispersal rate is ca. 41m/day.  It should 

be noted that, because a different definition of dispersal was used, this rate is not the same as the 

45m/day dispersal rate used in the sensitivity analysis in the Pioneer submission.  

Refuge movement:  Several scenarios were explored for yearly refuge deployment.  One 

scenario, used for the transect experiments presented below, used refuges that were moved every 

generation. All growers planted their refuge on the west side of their fields in one generation and 

moved them to the east side in the next.  Because the east side of one field is adjacent to the west side 

of a neighboring field, this scenario resulted in refuges always being planted adjacent to a refuge from 

the previous year.  Ultimately, random placement of refuges each year was chosen as the most likely 

grower behavior.  In this case, at the start of year, the simulation first determines if a field will be 

compliant, and if so, randomly chooses which side (east or west) of the field to plant the refuge.  This 

means that occasionally refuges are not moved, while in other cases they are moved to relatively 

isolated areas. 

Deterministic model 

The deterministic model is a relatively simple frequency-based model that incorporates non-

compliance, non-random mating in compliant fields and larval movement.  It includes a switch to vary 

between a block-refuge design and a seed-mixture design.  Appendix A includes descriptions of the 

different parameters.  A schematic of the model is shown in fig. 2.  The primary difference between the 

Bt population in the non-compliant population and the Bt-population in the non-random mating 

population is that no refuge was planted for the non-compliant fields.  Non-compliant populations 

reduce both non-random mating and refuge size.  As noted in the Pioneer submission, a critical 
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component of their modeling is that refuges are moved every generation. As mentioned before,  while 

we believe that this may overestimate movement of refuges by growers, this was incorporated into the 

model by defining the refuge size not as the physical area devoted to the refuge, but rather the 

proportion of the eggs in a field that start out underneath the new refuge.  We refer to this as the 

effective refuge size to distinguish it from physical refuge size (the proportion of an area planted to a 

refuge). These small refuge sizes are independent of non-compliance and result from growers moving 

their refuge to areas of the field were few eggs were deposited the previous year.  To estimate this 

important parameter, we used the stochastic model to estimate egg densities at the start of a year across 

our four different field sizes (Fig 3a-e).  In each case, we estimated a best and worst scenario.  For the 

best case scenario, the grower moved  their refuge to the opposite side of the field, next to where the 

refuge would have been planted in the neighboring field the previous year (these simulations were run 

with all growers planting refuges to the same sides of their fields and swapping them every year).  The 

worst case scenario was based on planting the refuge in the area of the field where the egg density was 

the lowest.  Because the egg density distribution across fields has never been measured, it is unlikely 

that growers could accomplish this, but it does represent and theoretical lower bound for effective 

refuge size. The worst case effective refuge sizes for the four different field sizes were (from smallest 

to largest field size): 15%, 11%, 3% and 0.055%.  As noted by Pioneer, few insects are moving into the 

center of large fields as reflected by the effective refuge size of 0.055% for 144 ha fields.  Other 

estimates for dispersal are higher and may depend on the region of the country.  To test the effect of 

higher dispersal rates we doubled the vector of daily movement (to 29m/day) and repeated the large 

field size simulation (fig. 1e). In this case the density of eggs in the center of the field was fifty times 

greater under the worst case scenario and the effective refuge size was 1%.  Most fields in the corn belt, 

however, are smaller, in the range of 30-50 ha, and we decided to use a lower limit of 1% for this 

parameter. 

Asymmetrical movement was included in the model, though the amount movement of 

susceptible larvae from transgenic corn is uncertain (Hibbard et al 2005).  Asymmetrical movement 

was defined as the probability that larvae that have survived exposure on a Bt-plant will move.  When 

larvae move, they move onto plant genotypes according to the ratio of those genotypes in the field.  In 

this case, a larvae leaving a transgenic plant had a 95% probability of moving onto another transgenic 

plant. As with other rates in the model, this movement rate is converted into a daily rate (depending on 

the days of larval movement parameter).   
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To incorporate our uncertainty in the parameters used in the deterministic model, we developed 

distributions based on data for the lowest and maximum possible values we felt the parameter might 

take, as well as a most likely value.  These values were used in PERT distributions based on a beta 

distribution with the most likely value weighted by 4 (Vose 2001).  This was done for both the block 

refuge model (Table 4) and larval movement model (Table 5).  Each model was run 2000 times, each 

time drawing parameter values from the relevant PERT distributions and using the sampled parameters 

as inputs to the model.  The time it took for the resistance allele to exceed 50% was recorded for each 

simulation.  We measured the mean and 25th and 75th percentiles of the time to resistance.  We 

determined the proportion of simulations in which the time to resistance exceeded 10 years (i.e., 11 

years or longer). At a cutoff point of 11 years, the gene has already been in use for 4 years and 

previous EPA-SAPs have suggested 15 years as a reasonable minimal goal for the lifetime of single 

gene products. 

Uncertainty distributions for the deterministic model.  

The uncertainty distributions are divided into those that are common to both models (Tables 4-

5), those specific to the block refuge model (Table 4) and those specific to the seed-blend model (Table 

5). 

Common parameters 
1.	 Fitness of susceptible homozygotes on transgenic plants (wss). The Pioneer estimate for 

this parameter was 0.0125.  In the past, however, as transgenic events have been 
exposed to a wide variety of environments, wss has often been found to exceed initial 
estimates.  The minimum value used was 0.0125, the maximum value was 0.08 and the 
most likely value was 0.04. 

2.	 Dominance (h).  Occasionally, dominance associated with events that are not a true 
high-dose is greater than the Pioneer estimate.  Our estimate was centered on the 
Pioneer estimate but included the possibility that it could be 5x less or 5x greater. 

3.	 Initial resistance allele frequency (IRF).  While many estimates of the initial resistance 
allele frequency for loci providing resistance to Bt toxins are in the range of 0.001, 
recent studies with western corn rootworm have suggested they may be more common, 
perhaps in the 0.02 range. These two values were used as our maximum and minimum 
values, with 0.005 used as the most likely value. 

Block refuge parameters 
1.	 Effective refuge size.  Without non-compliance, the physical refuge size was always 

assumed to be 20% of the area.  Non-random oviposition and refuge placement could, 
however, lead to that 20% of the area having more or less than 20% of eggs initially (see 
Figs 3a-e). This is a complex parameter that depends on the size and shape of fields, 
how growers physically place the refuges in the fields, how they move the refuges 
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between years and on corn rootworm dispersal rates.  It is likely that this parameter is 
responsible for many of the differences between the results of this model and the model 
used by Pioneer.  The effective refuge size varied from 1% to 20%, with 15% as the 
most likely value. 

2.	 Non-compliance.  Non-compliance must be measured on a field by field basis, and 
EPA's interpretation that a non-compliance rate of 30% is an overestimate seems 
reasonable.  There may be localized areas, however, where non-compliance may be 
greater than 30%, and to incorporate the effects of these areas the maximum value of 
non-compliance was set to 60%.  The minimum value was 5% with a most likely value 
of 10%. 

3.	 Non-compliance mixing.  This parameter is related to the rate of mixing per generation 
between compliant and non-compliant fields and may be seen as a measure of persistent 
non-compliance versus growers that an accidentally non-compliant in one or more 
fields. Different monitoring groups suggested 5-7% of growers were persistently non-
compliant, so 93% was chosen as a most likely value, 95% as the maximum and 85% as 
a conservative minimum value. 

4.	 Non-random mating.  This parameter is an estimate of the proportion of the population 
emerging in the transgenic fields that mates among themselves with no contribution 
from refuge insects.  Based on the simulated dispersal experiment, it appears as though 
as many as 50% of these individuals would be unlikely to mate with refuge individuals 
in the largest field sizes.  Because refuges are moved each year, these non-random 
populations are merged with the random mating populations for reproduction.  The 
maximum value used was 50%, with a minimum of 5% and a most likely value of 30%. 

Seed-blend model 
1.	 Base larval movement.  Data suggest there is limited larval movement among non-

transgenic plants in the absence on high larval densities (which we find unlikely in a 5% 
seed-mixture). The range  for this parameter was from 1%, to 5%, with a most likely 
value of 3% 

2.	 Days of larval movement.  Based on Mallet and Porter (1992), larval movement effects 
the evolution of resistance by shifting dominance.  This shift occurs gradually over a 
number of days.  The range of time over which larval movement occurred ranged from 1 
to 18 days, with a most likely value of 10 days.  The mortality rate was assumed to be 
constant over this period, with the overall mortality rate equal to 1 – w, the relative 
fitness of the genotype. 

3.	 Asymmetrical movement.  Food choice bioassys in many species suggest that larvae 
will tend to taste and then move from transgenic tissue at a greater rate than non-Bt 
tissue. Hibbard et al (2005) found, in a two year study, that this rate varied in those two 
seasons between 0 and 30%. Because of the limited data on this parameter, the range of 
this parameter was 0 to 50%, with a most likely value of 30%. 

Two locus deterministic model 

One final set of resistance simulations was conducted for two locus block refuge and seed-

mixture models.  In this case the fitness of the susceptibles and the dominance of resistance at each of 

two loci were independently determined according to the PERT distributions from the single locus 

model. This distribution is informative because it tells us the relative longevity of two genes stacked 
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into the same plant versus using the same two genes sequentially in single gene plants.  This is relevant 

because introducing a single gene event into a landscape with dual gene events may lead to rapid 

resistance at the first locus and essentially turn all dual gene events that share the toxin into single gene 

events. 

Results and Discussion

 Deterministic Model 

The distributions of the time to resistance for the block refuge strategy and the larval movement 

strategy with and without asymmetrical movement are presented in figure 4.  Because the bars each 

represent a year, the density of the bars is the proportion of simulations that resulted in resistance 

evolving in that generation. The mean time to resistance for the block refuge strategy was 11.95 years, 

and 56.55% of the simulations exceeded 10 years.  For the larval movement model, the mean time to 

resistance was 8.1 years and 13.5% of the simulations exceeded 10 years.  

The results from the two locus block refuge deterministic model (Fig. 5a) show that, though the 

second toxin has identical uncertainty distributions as the first toxin, the mean expected lifetime of the 

dual gene product is 132 generations in a block refuge deployment, 6 fold longer than if the two toxins 

had been used sequentially in a block refuge design.  Similarly, for the two locus seed-mixture model, 

the dual gene product lasted a mean of 52.6 years (Fig. 5b), 3.25 fold longer than if the two toxins had 

been used sequentially.  Single gene products that share toxins with dual gene events can lead to a 

pseudo sequential use because the single gene event selects rapidly for resistance to one gene, and once 

this occurs the dual gene events are effectively rendered single gene events. 

 Stochastic Model 

The stochastic model was used to evaluate 4 different sizes and two different dispersal rates 

(Fig. 6). Because the largest field size took the entire simulated universe, it was not possible to 

incorporate non-compliance.  To address this issue,  the model was run in an 80x80 cell mode (6400 

30x30m cells) for the largest field size, allowing simulation of four 144 ha fields.  These larger 

simulations for the 144 ha field size were used in Fig. 6 and in the data analysis.  Analysis of variance 

showed no significant impact of dispersal rate, but field size was highly significant (p << 0.001).  When 

the simulation was run with a single 144 ha field and no non-compliance, the times to resistance were 

much longer (mean = 3292 d).  It was not expected that doubling the dispersal rate would have so little 
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impact on the time to resistance, and it suggests the model is relatively insensitive to this parameter. 

Using Pioneer's 40 ha field size as a benchmark, the stochastic model predicted an increase in 

durability of 3.94 fold compared to simulations with no refuge (see discussion).  This is much higher 

than the 1.4 fold reported for this field size in the Pioneer simulations.  The simulations presented 

predict that a block refuge system with 36 ha fields would last 13.9 y, almost double the time predicted 

by Pioneer.  The 144 ha simulations showed much lower durability (8.4 y, or 2.4 fold longer than 

without a refuge). It may be relevant that the dimensions of these fields had a 240m wide refuge and a 

960 meter wide strip of Bt-corn.  Pioneer's simulations may have been run with a 200m wide refuge 

and an 800 wide strip of Bt-corn (this occurs in a 40 ha field size in the Pioneer model but a 144 ha 

field in the current model).   

To determine further the sensitivity of the model to the rate of dispersal, the 36 ha field size was 

run with 2x, 4x and 8x dispersal. Dispersal was again not significant in an ANOVA (p=0.058).  The 36 

ha field size has only 4 refuges in the default 144 ha system, and this increases variance when in any 

given year each field has a 30% of being non-compliant.  There is a 24% chance that no fields will be 

non-compliant in any year and a 0.8% that all four fields might be non-compliant.  In a larger system 

the mean number of non-compliant fields would remain more constant over time (Law of Larger 

Numbers) and there might be a better opportunity to investigate how dispersal interacts with refuge size 

and placement.  It is possible that dispersal has less effect than might have been expected because  there 

are several different situations that arise in the model because of yearly random refuge placement and 

non-compliance.  When a refuge is not moved, lower dispersal rates result in a larger effective refuge.  

Simulations suggest this frequently delays resistance evolution even though it reduces the probability 

that an individual beetle will move and mate at random with beetles emerging in Bt-fields (Caprio 

2001). Similarly, if the refuge is moved next to the location of where a refuge had been planted in a 

neighboring field in the previous year, lower rates of dispersal might also maximize effective refuge 

size. In contrast, when refuges are moved to areas relatively distant from the locations of the previous 

years refuges, higher rates of dispersal would maximize the effective refuge size.  It is clear, however, 

that these results suggest that the model is less sensitive than expected with respect to dispersal rates.  

Discussions over whether the Nowatski data over or underestimate movement rates for the entire corn 

belt are, perhaps, less critical than expected. 

Discussion 
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Pioneer presents in Table 1 (MRID PHI-2009-197) the results from their model using the 

benchmark parameters listed in Table 2.  Using the deterministic model presented here with similar 

parameter values, similar but not identical durabilities were found.  In the case of no refuge, Pioneer's 

model suggested resistance would evolve in 5 years, while this model suggested durability would be 3 

years. The stochastic model predicted a durability of 3.5y in the absence of refuges.  For comparison's 

sake, we measure other rates relative to these baseline numbers.  For the block refuge model, Pioneer 

suggested resistance might evolve in 7 years, or 1.4x the time without a refuge.  Assuming our most 

likely value of a 15% effective refuge (and otherwise using Pioneer's benchmark values), we obtain a 

predicted durability of 14 years, 4.7 fold longer than the simulation without a refuge.  One possible 

reason for the large discrepancy is the effective refuge size.  To duplicate the 1.4x durability increase 

noted by Pioneer, the effective refuge size would need to be decreased to 1%.  This was the minimum 

value in our uncertainty distribution for this parameter. This parameter was set as the minimum 

because it would require large fields (on the order of 150 ha), that the dispersal rates used by Pioneer 

were not underestimated and are typical of rootworm dispersal rates throughout the corn belt (there is 

some data to suggest otherwise), and that growers consistently move refuges to regions of their fields 

with the lowest egg density.  The overall risk profile from our uncertainty simulations for block refuges 

is impacted by other parameters that deviated from the Pioneer benchmark values as well.  Although 

relative fitness, initial frequency and dominance used the same uncertainty distributions for both the 

block and seed-blend simulations are were likely to affect both models in a similar manner, these 

parameters could shift both distribution in time.  The inclusion of the possibility of higher levels of 

dominance, in particular, could lead to shorter predicted durability estimates.  Other parameters specific 

to the block refuge model could lead to the longer durability predicted in these simulations compared to 

Pioneer's simulations.  The distribution for non-compliance was weighted more heavily towards lower 

values (with a most likely value of 10% non-compliance) than reported by CSPI (Center for Science in 

the Public Interest), based on EPA's analysis that report overestimated non-compliance when measured 

on a field by field basis. We assumed that most non-compliant growers were “accidentally” non-

compliant, perhaps due to miscalculations or mistakes during planting.  Only 5% of non-compliant 

growers were assumed to be persistently non-compliant year after year.   

For the larval movement model, the current model predicted a durability of 9 years, or a 3-fold 

increase in durability compared to no refuge.  This compares reasonably to the Pioneer estimate of 10 

years, or a 2-fold benefit over their results run without a refuge.  The values both compare quite well to 

the mean of our risk profile, 8.1 years.   
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These data suggest there are minor differences between the larval movement results generated 

by the Pioneer model and the model presented here, but the major differences lie in the block refuge 

model. Although Pioneer suggests that non-random mating is important in their results, we did not find 

that to be the case in our simulations (Table 6).  The parameter most likely to be responsible for the 

differences between the two models is the effective refuge size.  We agree with the  Pioneer assertion 

that it is possible that areas of large fields could have very low egg densities, and should growers 

manage to locate and plant refuges over those areas, the block refuge strategy could be severely 

compromised.  Understanding of the differences in the results is limited by details missing in the 

Pioneer data submission.  They simulated a size of 4x10 cells (each cell as 100m x100m), or 40 ha.  It 

was unclear if this is a single field or represented multiple smaller fields, but given their results, a 

single field is likely. The exact placement of the refuge in the 4x10 cell universe is important and not 

stated. Based on an ESA presentation (Flexner 2009), it appears as though the refuge was located to 

one “thin” edge of this system (perhaps 2 4 cell rows to one edge), which would maximize the furthest 

distance between transgenic plants and the refuge, but would seem to be at odds with common grower 

behavior (this is supported by the fact that 20% of the cells by planting along the long edge in this size 

is not possible in this geometry).  Again, based on the same ESA presentation (Flexner 2009), it appears 

as though the only way for insects to reach the plants to the right of the system (when the refuge was 

planted on the left side) was to move across the intervening 800m.  In actual field systems there are 

other fields surrounding the simulated field with refuges that, on average, would be adjacent to the 

current field, and the mean distance between the furthest from a refuge and the refuge would be 400m. 

Most simulations are designed as toruses (an insect moving off the left side of the system arrives at the 

right side, as if the system were a donut) to overcome this problem, but the animation (Flexner 2009)  

did not appear to be designed in this manner. This model minimizes the effects of dispersal and would 

tend to lower Pioneer's estimate of the durability of a block refuge system.  In the current stochastic 

model, we simulated multiple fields arranged in a large torus.  Refuges were placed randomly along 

one long edge of fields, and non-compliant fields were also chosen randomly each year.  In these 

simulations, occasionally refuges in adjacent fields would be side by side, while in other cases they 

would lie at opposite ends. In the latter case there would clearly be an area with low egg densities 

between the two refuges, but that is apparently offset by refuges that must logically be more closely 

spaced in other areas.  The Pioneer model and our dispersal kernel based on the Pioneer dispersal data 

ignore the potential of longer distance dispersal (Storer et al 2003).  Although the contribution from 
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such moths is likely to be small, in areas of fields were there are essentially no eggs (see Fig 3d), the 

contribution of these few individuals could be significant. 

A number of explanations for the differences in the predicted longevity of the block refuge 

strategy between the Pioneer simulations and those presented here are possible.  Important details of 

the Pioneer model are missing and it is difficult to determine how certain key elements were modeled.  

The Pioneer model used a single 40 ha block of 100x100m cells arranged in a rectangular fashion 

(4x10). In discussions, corn entomologists expected most growers would plant lengthwise in such a 

field, and the refuge would be planted along either one of the long edges (here termed the east and west 

edges). Simulations of refuges planted to the short ends of these fields (the north and south edges) 

would not seem to be the normal grower practice and would tend to increase the mean distance 

between refuges and Bt plants.  This choice, if made, would increase the likelihood of the holes in 

random mating mentioned by Pioneer in their submission and reduce predicted durability of the block 

refuge design. 

Pioneer provided little detail in the spatial aspects of their simulation.  Was a single field 

simulated with all the refuge gathered in one place, or were smaller fields simulated with multiple 

refuges? When the refuge was moved each, where was it moved to? Was it moved to a random 

location, or was it always moved to the opposite end of the field from it's previous location? The latter 

choice might lead to a significant decrease in the effective refuge size and more rapid resistance 

development.   

How were boundary conditions treated? When an insect moved from the field to the west side, 

for example, what happened to it?  Did it die, was it reflected back into the system, or was a torus 

simulated? The choice here may be important as it can again impact the mean distance between refuge 

and Bt plants and ultimately effective refuge size.  As an example, consider a string of 4x10 fields, each 

1000m long, each with it's own 200m wide refuge.  The maximum distance between any two refuges 

would be 1600m, and the maximum distance between a refuge and a Bt plant would be 800m.  The 

average distance would be 800m between refuges and 400m between Bt plant furthest from a refuge 

and the nearest refuge. If Pioneer chose not to use a torus design, and simulated a single field with a 

refuge at either the west or east end, the maximum distance between a Bt plant and the nearest refuge 

would be doubled (800m).  In a simulation of a torus, insects leaving the east edge of the field end up 

in the west edge, in essence creating a long string of identical fields. This design correctly models the 
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mean distance, but there is no variance.  The simulations described here included multiple fields with 

random placement of refuges on a yearly basis to either the east or west edge of a field, which seems to 

best mimic grower behavior.  This design meant that in some cases the refuges would be at opposite 

ends of adjacent fields, while in other cases they might be side by side.  This design choice allowed 

simulation of both the correct mean distance between refuges, but the variance in this distribution. 

Our interpretation of the data indicates that rather than non-random mating being the threat to a 

block refuge system, it is non-random oviposition and refuge placement that are most important.  The 

conclusion is supported the results of the stochastic model run with just one 144 ha field.  The time to 

resistance in this case was over five years longer than any other scenario, despite the fact that 

substantial areas of non-random mating must have existed in the center of these blocks (see Fig. 3d).  

What did occur is the field was always moved adjacent to a previous years refuge, so there was a 

relatively high density of eggs under the new refuge and the effective refuge size was high.  This 

suggests a potentially plausible method that Pioneer might use to bolster their claims that failure of the 

block refuge system is imminent. If the relative density of eggs could be estimated in transects across  

fields of different sizes (similar to Fig. 3a-e), and if more accurate estimates of how growers plant and 

move their refuges over years, then major differences between the two models might be resolved.  Such 

a study might provide an estimate of the contribution of beetles dispersing long distance distances. 
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Figure 1 Beetle Dispersal Time Series 
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Figure 2. Schematic of the deterministic frequency based model for both seed-blend and block refuge deployments. 
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Figure 3a Small 2.25 hectare field size with a 30m row of refuge along the edge of a 120m wide field of transgenic corn. 
The refuge is always planted along an edge and is switched every year. Previous year’s refuge was in strip 5, while the 
current one is in strip 1. Growers always plant to the same side of their fields, so the reason there is a larger egg 
population under strip 1 than in strip two is because there was a refuge to the left in another field. In this case, if growers 
planted in strip one, the new refuge would get 19.8% of the overwintering eggs. However, if they planted in the area with the 
lowest density, the refuge would 15% of the overwintering eggs 
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Figure 3b 9 hectare field.  The highest density is under the previous years refuge, but continued “drift” from neighboring 
fields is observed.  In this case 18.6% of the eggs would be under the refuge in the default planting pattern, but the refuge 
would only get 11% if growers planted the refuge in the area with the lowest density of eggs.  The refuge in this case was 2 
strips (60m) wide. 
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Figure 3c 36 hectare field (about an average field for many parts of the U.S.). With the default planting pattern, the refuge 
would receive 20% of the eggs, but only 3% if growers planted over the area with the lowest density.  The refuge in this 
case was 4 strips wide (120m). 
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Figure 3d 144 hectare field size.  At this size, the default planting would result in 23% of the eggs in the new refuge, but the 
worst case drops to 0.055% (if growers plant in the middle). The refuge is 8 strips wide (240m). 
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Figure 3e Doubled dispersal distance in a 144 hectare field. This figure contains a column for each 30x30m block rather 
than an average of 3 transects as in the other four figures. 

Figure 3. Simulated egg densities in transects across Bt-corn and associated refuges. 
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Figure 4a. Block refuge model 

Figure 4b. Seed-mixture model 

Figure 4. The distributions of the time to resistance 
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Figure 5. The distribution of time to resistance from 2000 simulations of a block refuge deployment with two resistance 
loci.  The mean time is 132 generations and 100% of the simulations persisted beyond 26 years. 
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Figure 6. Means of four simulations at each field size (given in hectares).  Simulations used for the dark line used the 
Nowatski data, simulations used in the red line doubled that dispersal rate 
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Table 1. Beetle counts over time in a simulated dispersal experiment.  Distance is the distance in meters from the initial release point.  

Distance 
Days 0 30 60 90 120 150 180 210 240 270 300 330 360 Sum m/day 

1 0 130080 114240 43200 7680 18000 0 0 0 0 0 0 0 313200 27.22 
4 0 92640 174720 138240 72960 72000 34560 35280 46080 38880 0 0 0 705360 17.64 
7 0 40560 95040 155520 142080 90000 77760 23520 0 0 96000 0 0 720480 13.66 

10 0 24720 57600 123120 115200 102000 112320 82320 0 0 24000 0 34560 675840 11.09 
13 0 14640 37440 75600 96000 54000 60480 58800 30720 38880 0 0 34560 501120 9.28 
16 0 7440 29760 56160 107520 108000 43200 0 15360 77760 72000 29040 34560 580800 8.98 
19 0 6240 19200 28080 49920 54000 34560 35280 15360 19440 24000 0 0 286080 6.81 

Table 2. Estimate of dispersal rates over time in a simulated dispersal experiment.  Each cell is the product of the corrected number of beetles at a distance in time 
multiplied by the distance.  These are summed, averaged by beetle numbers and divided by the number of days for the sample to obtain the mean displacement in 
m/day. 
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X-position 
Y-position 

direction 

Day 0 

Day 1 

Day 0 
0
0

Day 1 
2.43 

0
0

1.06 

 Day 0 

 Day 1 

Day 0 
0
0

Day 1 
3.26 

0
0

3.6 

 Day 0 

 Day 1 

 Day 0 
0
0

 Day 1 
2.08 

0
0

3.12 

Day 0 

Day 1 

 Day 0 
0
0

 Day 1 
5.85 

0
0

0.52 

Day 0 

Day 1 

Day 0 
0
0 

Day 1 
1.08 

0 
0 

2.01 

m/day 

displacement x -10.94 7.03 -14.39 -13.03 -7.03 -14.5 13.14 12.56 6.81 -6.13 
displacement y 9.51 12.68 -1.77 -6.36 12.68 0.25 -6.13 7.25 12.8 13.14 

Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance 
total displacement 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 

Day 2 Day 2  Day 2 Day 2  Day 2  Day 2 Day 2  Day 2 Day 2 Day 2 
direction 1.95 5.11 0.28 1.48 2.13 4.59 5.52 1.24 4.42 3.89 

14.5 

displacement x -16.38 12.7 -0.45 -11.77 -14.71 -16.26 23.57 17.28 2.57 -16.73 
displacement y 22.96 -0.67 2.23 8.09 24.98 -14.14 -16.2 20.96 -1.06 3.25 

Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance 
total displacement 28.2 12.71 2.28 14.28 28.99 21.55 28.6 27.16 2.78 17.05 

Day 3 Day 3  Day 3 Day 3  Day 3  Day 3 Day 3  Day 3 Day 3 Day 3 
direction 0.99 1.43 6.06 1.88 5.86 5.41 6.25 1.48 0.91 4.29 

9.18 

displacement x -8.48 14.71 13.67 -16.25 -1.47 -6.94 38.06 18.54 11.5 -22.63 
displacement y 35.12 13.69 -1.03 21.88 19.08 -25.25 -16.71 35.4 10.36 -9.99 

Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance 
36.13 20.1 13.71 27.25 19.14 26.18 41.57 39.97 15.48 24.74 8.81 

Day 4 Day 4  Day 4 Day 4  Day 4  Day 4 Day 4  Day 4 Day 4 Day 4 
direction 3.05 1.13 5.24 1.71 1.73 5.9 0.45 0.26 5.69 1.85 
displacement x -22.92 20.84 20.92 -18.27 -3.74 6.5 51.1 32.55 23.52 -26.63 
displacement y 36.38 26.83 -13.59 36.24 33.4 -30.68 -10.35 39.16 2.25 3.94 

Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance 
total displacement 43 33.98 24.95 40.58 33.61 31.36 52.13 50.92 23.62 26.92 9.03  
 

       
 

 
 
 
 
 
 

Table 3. Example of estimate daily dispersal rate over time from insects moving in a random walk at 14.5m/day. Direction is given in radians. The mean 
displacement (m/day) is an average from 10 individuals and will chance depending on the random directions drawn.  
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 Min Most Likely Max 
Wss 0.01250 0.04000 0.08000 
Dominance 0.01000 0.05000 0.20000 
IRF 0.00100 0.00500 0.02000 
Effective refuge 0.01000 0.15000 0.20000 
Non-compliance 0.05000 0.10000 0.60000 
Non-compliance 
mixing 0.85000 0.93000 0.95000 
Non-random mating 0.05000 0.30000 0.50000 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Uncertainty parameters used for the block refuge simulations 

Min Most Likely Max 
Wss 0.01250 0.04000 0.08000 
Dominance 0.01000 0.05000 0.20000 
IRF 0.00100 0.00500 0.02000 
Refuge 5.00000 5.00000 5.00000 
Base larval movement 0.01000 0.03000 0.05000 
Days of larval movement 1.00000 10.00000 18.00000 
Asymmetrical movement 0.00000 0.30000 0.50000 
Table 5.  Uncertainty distributions used for the seed-mixture simulations 
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Coefficients:                    Estimate  Std.  Error t value  Pr(>|t|) 
(Intercept) 11.6958      2.2321 5.240 1.78e-07 *** 
dominance         -84.9810 1.3097 -64.887 < 2e-16 *** 
IRF -629.7121 14.7731 -42.626 < 2e-16 *** 
Non.compliance    -8.8690 0.4426 -20.037 < 2e-16 *** 
non.compliance.mixing     1.5415 2.4028 0.642 0.521 
non.random.mating        -0.7173 0.5336 -1.344 0.179 
Refuge 54.6024 1.2589 43.374 < 2e-16 *** 
wss 61.5433 3.4862 17.653 < 2e-16 *** 
---
Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
Residual standard error: 1.797 on 1992 degrees of freedom 
Multiple R-squared: 0.8095, Adjusted R-squared: 0.8088  
F-statistic: 1209 on 7 and 1992 DF,  p-value: < 2.2e-16 

Table 6. Regression coefficients for the regression on the results from the block refuge model. 

 
Coefficients:                     Estimate  Std. Error  t value   Pr(>|t|) 
(Intercept)  13.25428 0.20471 64.748 <2e-16 *** 
BaseLarvalMovement     7.43119     4.18984 1.774 0.0763 . 
dominance             -63.84439 0.91981 -69.410 <2e-16 *** 
IRF   -466.03593 10.13300 -45.992 <2e-16 *** 
SelectionDays  0.09145 0.01017 8.992 <2e-16 *** 
wss  57.75906 2.49046 23.192 <2e-16 *** 
--- 

 
 

 
 
 

Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

Table 7.  Regression coefficients for the results from the seed-mixture model with asymmetrical movement. 
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Appendix A.  Deterministic parameter description 

Wss – The fitness of homozygous susceptible genotypes on the transgenic plants. Pioneer used a value 
of 0.0125. Without better knowledge of the Pioneer field tests it's difficult to develop a range, 
but a specific factor over and under was used to deve;op our estimate.  The sorts of questions to 
be asked might be what is the lowest/highest performance under field conditions.  Instead of 
98.75% mortality, could it be 95% (as an example)? 

Dominance – The relative fitness of heterozygotes.  I use the traditional population genetics equation: 
Wrs = (Wrr – Wss) * h + Wss 

where h is the dominance and Wrr = 1.0.  Our distribution is derived from Pioneer's estimate of h=0.05, 
but that seems low compared to many estimates based on LC50s.  LC50s, however, are based on a log 
scale, however this research has used a linear scale.  In general, for products with lower effectiveness, 
dominance tends to be higher (see Caprio et al. 2006b).   

IRF – The initial resistance allele frequency.  My impression from dealing with CRW folks is that this 
value has tended to be higher in empirical estimates than we have seen for other insects.  I believe I 
used Pioneer's default value as my most likely value. 

Block refuge model parameterization: 

Values cited above are shared with the larval movement model and changes in would effect both the 
block and larval movement models to a similar degree.   

Refuge proportion – Initially set this to 20%. However, it can be viewed as the proportion of eggs in a 
compliant field that end up being in a refuge (perhaps after being moved), and the non-random 
oviposition patterns can be addressed using this parameter.  If more individuals survive in refuges, and 
they tend to lay eggs near that area, then the number of eggs in the soil to start the new growing season 
will be greatest near the refuge from the previous year.  If the refuge is moved, it stands to reason the 
new refuge, even if it covers 20% of the area, will receive less than 20% of the eggs oviposited in the 
field. Based on this modeling research, this fact and the likelihood that refuges are moved are 
identified as key assumptions of the Pioneer model.  Unfortunately, there is little empirical data on the 
non-random oviposition patterns of CRW. 

Non-compliance – This is the proportion of fields that are planted without a refuge.  Individuals 
emerging from this area mate as a separate population.  The most likely value is a literature value 
(CSPI). This parameter should be based on a field by field basis and incorporate some estimate of 
amount of non-compliance.  A person planting a 3% refuge in a field is not the same as someone not 
planting any refuge. Alternatively, it shouldn't measure if a field is compliant (as yes./no answer), but 
how close to compliant a non-compliant field is. General comments have been encountered which 
indicated that 30% non-compliance was too low.   It is not obvious how non-compliance was estimated.  
This parameter may be important because it determines how much Bt-corn is planted without any 
refuge. 

Non-compliance mixing – This determines how much movement there is between compliant and non-
compliant fields.  If non-compliant growers are accidentally non-compliant (i.e. they never got around 
to planting the refuge because of weather), then they will generally be compliant in the next year, and 
this parameter should be close to 1.0.  On the other hand, if non-compliant growers are growers who 
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purposefully don't plant refuges and continue this practice year-by-year, then this parameter should be 
low.  How low would depend on how much movement you think naturally occurs between non-
compliant and compliant fields.  Inevitably this leads to discussion of the clustering of non-compliant 
fields. Matt Carrol has done some work on this with the Monsanto model. 

Non-random mating – This parameter addresses the proportion of the population in the Bt-portion of 
compliant fields that is far enough away from the refuges that they do not mate at random.  These differ 
from non-compliant fields in that refuge is planted, but it was too far away.  The non-random 
oviposition that results from this non-random mating (and limited dispersal capability) is covered by 
the reductions in refuge size discussed above. 

Larval movement model parameters 

The refuge proportion is fixed at 0.05 in the larval movement model. This was based on 
Pioneer's last data that indicated they had reduced the variance considerably. 

Base larval movement – This is the amount of movement that might occur in a non-transgenic field 
with populations low enough so that significant density-dependent dispersal is not a factor.  In the 
stochastic models, population decline is found to be a greater problem than density-dependent factors 
such as mortality or dispersal.  The model does include asymmetrical movement, with the movement of 
individuals on Bt plants increased by an amount related to their daily mortality rates.  Susceptibles 
therefore move more than heterozygotes, and resistant homozygotes would only move at the base larval 
movement rate.  Of course, an individual leaving a transgenic plant only has a 5% change of moving 
onto a non-Bt plant. Various estimates of larval dispersal rates have been encountered but mostly on 
the low side. Generally, this research assumes that populations will be low in seed-mix fields and there 
will be little to no density-dependent larval dispersal.  This could be an area we need help with, or we 
might find by selecting alternate numbers is relatively unimportant compared to other parameters and a 
precise estimate would be a misapplication of resources. 

Days of larval movement – Movement and larval development are assumed to occur over this period of 
days. Movement occurs once per day.  Daily survivorship is constant and is determined as the rate that 
raised to the days power results in the overall fitness listed for the genotype in the original table.  In the 
case of Pioneer, that was 0.0125 for susceptible larvae.  If the days of larval movement is 10, then the 
daily survivorship rate is 0.645. This means that on day 1, 36.5% of the SS larvae on Bt die (I assume 
conservatively that mortality occurs before dispersal) , and of the remaining 64.5%, 36.5% will 
disperse (see above).  Of these dispersants, only 5% will move onto non-Bt plants, increasing the 
refuge size from 5% to ca. 6%.  If the base larval movement is low (remember it is spread over days as 
well), then this process can lead to an increase in the refuge population and actually decrease the rate of 
resistance evolution. I put this into the model just to see what effect it might have.  The value was 
varied between 5, 10 and 15 and it had very little effect on the results.   

30
 


