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Abstract

Since 2003, rootworm-protected transgenic corn has been commercially deployed in the United States as a principal

method of control of western corn rootworm, Diabrotica virgifera virgifera LeConte. Durability of this technology de-

pends partly on larval mortality (“dose”) exerted by the traits, but density-dependent mortality can confound calcu-

lations of dose. Research reported here examined the effects of density-dependent mortality on adult emergence

and estimates of trait dose. At sites in Illinois and Indiana, western corn rootworm eggs were infested at four den-

sities on non-Bt corn and at a single density on corn hybrids with transgenic events MON 88017 (VT Triple PRO),

DAS-59122-7 (Herculex Insect Protection), and MON 88017 � DAS-59122-7 (SmartStax corn). Beetles were collected

weekly in large emergence cages. Density-dependent mortality and the effect of Bt traits were examined using per-

cent survival from egg to adult, sex ratio, and beetle mass. Beetle emergence from Bt treatments was very low, and

percent survival from non-Bt treatments was greatest at the lowest egg density (410 eggs per row-meter).

Therefore, emergence from the lowest infestation density on non-Bt corn was used to estimate the effective dose of

the Bt treatments. Sex ratio and beetle mass were unaffected by density-dependent effects and were not consist-

ently affected by Bt traits. Dose was estimated at 97.4–99.3% for MON 88017, 98.8–99.9% for DAS-59122-7, and

99.7–100.0% for MON 88017� DAS-59122-7. This study confirms the need to account for density-dependent mortal-

ity when estimating dose of corn rootworm protection events even at relatively low egg infestation densities.

Key words: transgenic corn, Diabrotica virgifera virgifera, event MON 88017, event DAS-59122-7, resistance management

Despite several management options over the years, the western

corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera:

Chrysomelidae), continues to be a significant pest of corn in the

United States and Europe (Kiss et al. 2005, Gray et al. 2009). Most

injury and yield loss results from the western corn rootworm larvae

feeding on corn roots. Intense larval feeding results in roots being

shortened or pruned. This type of injury reduces the plant’s ability

to take up water and nutrients from the soil, leading to decreased

photosynthetic activity and lower yields (Spike and Tollefson 1989,

Sutter and Gustin 1990, Spike and Tollefson 1991, Dunn and

Frommelt 1998). Loss of root structure can also allow plants to

lodge under high winds, reducing crop harvest efficiency.

The U.S. Environmental Protection Agency (US EPA) maintains

a webpage that lists all of the current and previously registered

“plant-incorporated protectants” (US EPA 2016). Transgenic plants

that express insecticidal proteins derived from the soil bacterium

Bacillus thuringiensis (Bt) that are active against corn rootworms

have become a widely adopted method of control. Event MON

88017, expressing a modified Cry3Bb1 protein, was combined with

event MON 89034, expressing Cry1A.105 and Cry2Ab2, to pro-

duce YieldGard VT Triple Pro (Monsanto Company, St Louis, MO;

Drury et al. 2008). Event DAS-59122-7, expressing Cry34Ab1 and

Cry35Ab1, was combined with event TC1507, expressing Cry1F, to

produce Herculex Xtra (Dow AgroSciences LLC, Indianapolis, IN;

Ellis et al. 2002, Herman et al. 2002).

Events MON 88017 and MON 89034 and events DAS-59122-7

and TC1507 have been combined through conventional breeding to

create SmartStax corn (Dow AgroSciences LLC, Indianapolis, IN,

and Monsanto Company, St. Louis, MO), a trait pyramid (plants

with simultaneous expression of two or more insecticidal proteins
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that target the same insect; Gould 1986). Field corn hybrids contain-

ing these six Cry proteins (Cry1A.105, Cry2Ab2, Cry1F, Cry3Bb1,

and Cry34Ab1/Cry35Ab1) broaden the spectrum of activity and aid

in resistance management of target pest species (McGaughey and

Whalon 1992; Tabashnik 1994; Gould 1998; Storer et al. 2006,

2010). Field corn hybrids containing events MON 89034, MON

88017, DAS-59122-7, and TC1507 also contain transgenes for tol-

erance to glyphosate and glufosinate ammonium herbicides, provid-

ing another tool for managing glyphosate-resistant weed species

(Green and Owen 2011).

The durability of transgenic traits for insect protection depends,

in part, on the level of larval mortality (“dose”) exerted by the traits

(Gould 1998). If the traits cause very high mortality of susceptible

target pest populations such that resistance to the traits is function-

ally recessive, the “high dose-refuge” strategy can be highly effective

at delaying the development of resistant pest populations. In such

cases, a small percentage of plants that do not contain the insect pro-

tection traits provide a refuge for insects that are susceptible to the

traits and are available to mate with any rare resistant insects that

may survive in the insect-protected crop, passing the susceptible

phenotype onto their progeny and greatly slowing the rate that re-

sistance alleles can spread through the population. For traits that are

less than the high dose, resistance may develop more rapidly in the

field without the application of additional resistance management

tactics, such as larger refuge percentages, or integrated pest manage-

ment programs (Tabashnik and Gould 2012). Determining the effect-

ive dose of transgenic crops, therefore, is important in developing

scientifically robust resistance management programs. For corn root-

worm larvae, which feed beneath the soil surface, direct measures of

mortality under field conditions are impractical. Therefore, re-

searchers have estimated “dose” by comparing adult emergence from

plants with and without the insect protection traits when infested

with the same number of corn rootworm eggs (Storer et al. 2006;

Hibbard et al. 2010b, 2011; Petzold-Maxwell et al. 2013).

As these traits were being developed and their efficacy and dose

were being studied, it was common to use artificial infestations of

corn rootworm eggs to ensure high insect pressure (Sutter and

Branson 1980, Prasifka et al. 2013). The rate of infestation was

most commonly 1,000 eggs per 30.5 cm of row. Data from these

studies were used to calculate an estimate of dose for each trait and

it was assumed that there was not significant density-dependent

mortality. Consequently, it is possible that dose could have been

underestimated if in fact there was greater density-dependent mor-

tality occurring in control plots than in test plots. Previous studies

have shown evidence of crowding and competition for scarce re-

sources in corn rootworms. Based on the analysis of Onstad et al.

(2006), density-dependent mortality begins to occur between 300

and 500 eggs per 30.5 cm of row. Branson and Sutter (1985) showed

fewer rootworms reached the adult stage at egg densities above 600

eggs per 30.5 cm of row and adults were smaller at egg densities

above 300 eggs. In addition to survival and size, studies have shown

decreases in fecundity with increased egg density (Branson and

Sutter 1985), and that the male: female ratio was skewed in favor of

the males as larval densities increase (Weiss et al 1985). Hibbard

et al. (2010a) found little or no density-dependent mortality

occurred at infestation levels<850 viable eggs per 30.5 cm.

However, Hibbard et al. (2010a) also indicated that the level of

density-dependent mortality could vary depending on local environ-

mental conditions.

When SmartStax corn was conditionally registered by the US

EPA, one of the conditions of this registration was to address uncer-

tainty regarding dose of Cry3Bb1 (MON 88017) and Cry34/35Ab1

(DAS-59122-7) insecticidal proteins from Bacillus thuringiensis

against corn rootworm larvae. The US EPA identified uncertainty

relating to the effect of egg density on adult emergence and based its

assessment on emergence numbers that were not adjusted for

density-dependent mortality in non-Bt plots (US EPA 2009).

To resolve the uncertainty surrounding the egg density effects, a

multilocation field emergence study was conducted in 2010 that

used an eightfold range of western corn rootworm egg densities to

infest control plots containing plants without traits for corn root-

worm protection. Emergence from these plots provided the ability

to measure density-dependent mortality of western corn rootworm

larvae at each location. Emergence from plots containing event

MON 88017 (producing Cry3Bb), event DAS-59122-7 (producing

Cry34/35Ab1), or the combination of both (SmartStax) that were in-

fested with the standard density of western corn rootworm eggs cor-

roborated previous estimates of larval mortality caused by each of

the rootworm-protection events alone and together.

Materials and Methods

Field studies were conducted at two locations, Burnt Prairie, IL, and

Mount Vernon, IN, in 2010 to investigate the effect of Bt corn on west-

ern corn rootworm emergence, the degree of density-dependent mortal-

ity, and its effect on effective-dose calculations. Both trial locations

were in areas where western corn rootworm populations were natur-

ally low, and both were planted on ground that had been previously

planted to soybeans with no known history of rotation resistance

(Gray et al. 2009). Therefore, the density of western corn rootworms

infested into each plot could be controlled to get a clearer understand-

ing of the effect of the Bt corn and egg density on mortality.

Western corn rootworm adult emergence in large emergence

tents was measured for Bt and non-Bt corn. Single-event or

combined-event Bt plots were infested at 3,280 eggs per row-meter

(1,000 eggs per row-foot), and plots containing non-Bt corn were in-

fested at 3,280, 1,640, 820, and 410 eggs per row-meter (Table 1).

To minimize any potential effects of corn genotypes, the same near-

isogenic corn hybrids (hereafter, isoline) were used at both locations.

Treatments are presented in Table 1. All seed was treated with com-

mercial fungicide only and no preventive treatments of soil or foliar

insecticides were applied across the test areas. All treatments were

replicated four times within each trial location, using a randomized

complete block design. Plots were eight rows wide (76-cm row spac-

ing) by 6 m long. All studies were maintained using regionally ap-

propriate agronomic practices (e.g., fertilizer rates and weed

control) for optimal productivity.

Plots were artificially infested with western corn rootworm eggs

at the V3–V5 corn stage (Sutter and Branson 1980, Ritchie et al.

1993). Plots were infested with eggs suspended in a dilute agar solu-

tion using a tractor-mounted injector. Diapausing eggs were ob-

tained from Crop Characteristics Inc., Farmington, MN, and were

not rotation resistant.

When western corn rootworm larvae had reached approximately

third instar, screen house tents (Eureka Screen House, Eureka,

Binghamton, NY; 4.1 m by 2.9 m by 2.2 m, covering three, 3-m

rows) were erected over the plots to prevent adult western corn root-

worm from escaping or entering from outside the plots. The bottom

edges of the cage were placed in a shallow trench and covered firmly

with soil to prevent western corn rootworm adult escape. Inside the

screen houses, the corn plants were cut to �0.5 m above the ground,

which reduced above-ground plant material where beetles could

hide, but allowed plants to maintain fresh root tissue for larvae to
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complete feeding and development. Additionally, plants produced

fresh leaf and silk tissue, which provided nutrition for adult beetles

between collections. To prevent larval movement to plants outside

the tent, the third and seventh rows of each eight-row plot, as well

as the excess plants in the three cage rows, were removed. Cage in-

tegrity was checked with beetle collections. No adverse weather con-

ditions caused problems with cage integrity at either of the two sites.

Adult western corn rootworm were collected, using a mouth as-

pirator (1135C, Bioquip, Rancho Dominguez, CA) or battery-

powered aspirator (2820A, Bioquip), once per week after emergence

began and continuing until late August until two consecutive zero

counts were recorded. Beetles were collected in vials, labeled by field

plot, and put into alcohol. The beetles were later counted, identified

to sex (White 1977), air-dried for at least 24 h, and weighed to the

nearest mg.

Statistical Analysis
Statistical analyses were conducted separately for each location.

Total beetle emergence was calculated for each plot. The effect of

treatment (trait–egg density combination) on beetle emergence, per-

cent survival, percentage of males, and male and female mass was

examined using ANOVA with a mixed model function (JMP Pro

2014). A significance level of P<0.05 was used in all analyses, and

means were separated using the Student’s t-test. Because the focus of

this experiment was on overall emergence and beetles were only col-

lected weekly, timing and delays of emergence were not included as

an effect.

Density-dependent mortality was investigated by examining the

emergence rate (expressed as adults emerged per 1,000 infested

eggs) from the non-Bt isoline at the four different egg densities. In

the absence of density-dependent mortality, the emergence rate

would be the same at all densities, whereas if density-dependent

mortality was present, the emergence rate would increase with

decreasing density. The trends were visualized using the Trendline

function in Microsoft Excel 2003 fitting to a two-parameter power

curve (y¼ axb, where y is the adult emergence rate and x is the egg

density), typical of density-dependent functions in insect population

ecology (Varley et al. 1973).

Since density-dependent mortality was apparent in the emer-

gence rate data from the isoline throughout the range of densities

investigated, a low-end dose estimate for each Bt line at each

location was calculated by comparing the emergence rate from the

Bt plots with the emergence rate from the non-Bt plots at the lowest

egg density (410 eggs per row-meter):

DBt ¼ ð1� ð
ABt

EBt
=

Aiso

Eiso
ÞÞ � 100% (1)

where DBt is the dose estimate of the Bt line, ABt is number of adults

emerged from the Bt plots, EBt is the number of eggs infested in the

Bt plots, Aiso is the number of adults emerged from the isoline plots,

and Eiso is the number of eggs infested in the isoline plots. The num-

ber of eggs per plot was calculated by multiplying the eggs-per-row-

meter by the length of the cages (4.1 m) and by the number of rows

per cage (three). In this case, EBt¼8 � Eiso¼40,344 eggs (Table 1).

This approach assumes that there was no density-dependent mortal-

ity in non-Bt plots at the lowest egg density, and is therefore,

conservative.

Results

Burnt Prairie Emergence
The mean total beetles emerged per plot was greatest from the

isoline plots infested at 3,280 and 1,640 eggs per row-meter, and

very few beetles emerged from MON 88017 or DAS-59122-7

treatments. No beetles emerged from the MON 88017 � DAS-

59122-7 treatment (Table 2). However, the percent survival

based on the number of eggs infested was greatest from the isoline

at 410 eggs per row-meter. Percent survival from the other isoline

treatments was not significantly different, and percent survival

from the isoline treatment at 3,280 eggs per row-meter was not

significantly different from any of the rootworm-protected treat-

ments (Table 2).

The percentage of males did not differ significantly among any

treatments (Table 2). Mean male mass did not differ among isoline

treatments, but male mass was significantly greater from isoline

treatments than from either rootworm-protected treatment (Table 2).

Mean female mass was numerically greater from all isoline treat-

ments than from rootworm-protected treatments, but mean female

mass from the higher egg densities (1,640 and 3,280 eggs per row-

meter) was not significantly different from mean female mass from

MON 88017 or DAS-59122-7 (Table 2).

Table 1. Treatments, events, traits for rootworm control, and egg densities

Treatment Event(s) Rootworm trait(s) Egg density (eggs

per row-meter)

Total eggs

per cage

SmartStaxa MON 88017 þ DAS-59122-7 þ
TC1507 þMON89034

Cry3Bb1 þ Cry34Ab1/Cry35Ab1 3,280e 40,344

YieldGard VT Triple PROb MON 88017 Cry3Bb1 3,280 40,344

Herculex Xtrac DAS-59122-7 Cry34Ab1/Cry35Ab1 3,280 40,344

Isoline null NK603d None 3,280 40,344

Isoline null NK603 None 1,640 20,172

Isoline null NK603 None 820 10,086

Isoline null NK603 None 410 5,043

The near-isoline null had only tolerance to glyphosate. 1,640 eggs per row-meter represents a one-half rate of the full egg density, 820 eggs per row-meter repre-

sents a one-quarter rate, and 410 eggs per row-meter represents a one-eighth rate.
aDow AgroSciences, LLC, Indianapolis, IN, and Monsanto Company, St. Louis, MO.
bMonsanto Company, St. Louis, MO.
cDow AgroSciences, LLC, Indianapolis, IN.
dMonsanto Company, St. Louis, MO.
e3,280 eggs¼ 1,000 eggs per row-foot.
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Mount Vernon Emergence
The total beetles emerged per plot was greatest from the isoline in-

fested at 3,280 eggs per row-meter, similar numbers of beetles emer-

gence from all other isoline treatments, and very few beetles

emerged from any rootworm-protected treatment. In contrast to the

Burnt Prairie site, beetles were collected from the MON 88017 �
DAS-59122-7 treatment, and all six beetles collected were female

(Table 2). Percent survival based on the number of eggs infested was

significantly greater from the isoline treatment at the lowest egg

density, followed by the isoline treatment infested at 820 eggs per

row-meter. Percent survival from the isoline plots at the higher egg

densities (1,640 and 3,280 eggs per row-meter) was not significantly

different, but percent survival from all isoline treatments was signifi-

cantly greater than percent survival from any rootworm-protected

treatments. Percentage of males, mean male mass, and mean female

mass did not differ significantly among treatments.

Percent Survival From Non-Bt Plots
Density-dependence was evident when examining the percent survival

at the four different infestation levels of the isoline (Fig. 1). The emer-

gence rates follow a power curve typical of density-dependent

mortality (e.g., Varley et al. 1973), with the percent survival decreas-

ing with increasing density and with very good agreement between

the data and the fitted curve (R2>0.9) at both sites. Although the

range of infestation levels used was not low enough to capture the

level at which density-dependence ceased to be a factor, the data

strongly suggest that density-dependent mortality was still occurring

at the lowest egg density used.

Dose Estimates
Low-end dose estimates for each Bt treatment at each site (Table 3)

were calculated using Equation 1. To obtain the low-end dose esti-

mates, the percent survival at the lowest infestation density was

assumed to not be affected by density-dependence. Low-end dose es-

timates for the single traits ranged from 97.4% to 99.9%, and for

the combined events were 100% (Burnt Prairie) and 99.7% (Mount

Vernon). These are highly conservative estimate of dose, as the iso-

line emergence data (Fig. 1) strongly suggest that density-dependent

mortality was occurring even at the lowest density used in the iso-

line. The actual dose in these studies was likely to have been consid-

erably greater than these estimates if indeed density-dependent

mortality was significant at 410 eggs per row-meter.

Fig. 1. Percent survival in non-Bt corn plots at a range of egg densities in Burnt Prairie, IL (A), and Mount Vernon, IN (B). Trend lines are fitted two-parameter

power curves indicating a density-dependent decrease in percent survival with increase in egg density. R2 indicates goodness of fit.
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Discussion

Percent survival from the lowest egg density in this study (410 eggs

per row-meter) was significantly greater than from any other isoline

treatment at both sites (Table 2), indicating some density-dependent

mortality above 410 eggs per row-meter. However, based on the fit-

ted two-parameter power curves, density-dependent mortality was

still present at some level below 410 eggs per row-meter (Fig. 1),

since percent survival never plateaued at lower egg densities.

Density-independent mortality in this study was �98%.

Density-dependent mortality in this study did appear to occur at

lower densities than in other studies. Based on their data, Hibbard

et al. (2010a) recommended egg infestations below 2,600 eggs per

row-meter to avoid density-dependent mortality. Hitchon et al.

(2015) found evidence of density-dependent mortality at 1,250 eggs

per row-meter; density-dependent mortality may have been a factor

even at lower densities in their study, but 625 eggs per row-meter

was the lowest egg density they tested. However, density-dependent

mortality was documented even in Cry34/35, Cry3Bb1, and pyra-

mided traits between 625 and 1,250 eggs per row-meter (Hitchon

et al. 2015), even though larvae would most likely not be crowded

given the mortality imposed by the traits. Other studies have docu-

mented density-dependent mortality occurring between 1,000 and

1,670 eggs per row-meter (Onstad et al. 2006), between 1,970 and

3,940 eggs per row-meter (Branson and Sutter 1985, Fisher 1985,

Sutter et al. 1991), and above 3,940 eggs per row-meter (Branson

et al. 1980, Elliott et al. 1989). In an analysis of multiple studies, lit-

tle or no density-dependent mortality occurred below 330 eggs per

row-meter (Onstad et al. 2006).

Other studies have shown conflicting and sometimes substantial

density-dependent effects on western corn rootworm biology. No

significant effect of egg density on sex ratio was found in this study,

similar to the results of Sutter et al. (1991), but sex ratio has been

shown to become more male-biased at increased egg densities

(Weiss et al. 1985). In this study, egg densities had no significant ef-

fect on beetle size as measured by mass (Table 2), but lower larval

density has been shown to negatively impact larval weight gain

(Robert et al. 2012), and greater densities can impact female (but

not male) beetle weight (Weiss et al. 1985). Greater egg densities

can also reduce head capsule size (Branson et al. 1980, Branson and

Sutter 1985, Robert et al. 2012). Female fecundity and viable eggs

per female can be reduced at greater egg densities (Branson and

Sutter 1985), and emergence delays can occur at very high egg den-

sities (Elliott et al. 1989, Sutter et al. 1991).

It is also important to note that the environmental conditions

could affect density-dependent mortality. The sites in the present

study were chosen based on a lack of natural western corn root-

worm populations, which may suggest that the habitat may not be

ideal for corn rootworm development and may have increased

density-independent mortality overall. Competition for food and

feeding sites (Branson and Sutter 1985, Weiss et al. 1985) is most

likely the major factor in density-dependent mortality in western

corn rootworms. Feeding competition would mean that root bio-

mass and growth during the period of larval feeding would affect

the intensity of competition. Therefore, density-dependent mortality

is expected to be affected by timing of egg hatch relative to corn

plant development, the corn hybrid studied, and the environmental

conditions that affect plant growth (temperature, moisture, soil

structure, soil fertility, etc.). The timing of competition may also be

important. Density-dependent mortality has been assumed not to

occur during larval establishment (Storer 2003), which was sup-

ported by data from Hibbard et al. (2004). Hibbard et al. (2010a)

proposed that most density-dependent mortality occurs in the se-

cond or third instars, as larger larvae compete for food, but Hitchon

et al. (2015) suggested that neonate larvae may suffer the greatest

density-dependent effects as they establish on corn roots, because of

evidence of density-dependent mortality on Bt traits. At least some

density-dependent mortality during establishment has been observed

based on the number of infestation point sources and available paths

to corn roots (Wilson et al. 2006). The actual timing of competition

and degree of competition at that timing may greatly impact western

corn rootworm mortality and life history traits.

Bt traits can significantly affect percent survival and life history

parameters. Percent survival from the Bt traits was very low (Table 2)

and similar or less than results from other studies (Storer et al. 2006,

Binning et al. 2010, Clark et al. 2012, Petzold-Maxwell et al. 2013,

Hitchon et al. 2015). Although not significantly different, percent

survival from MON 88017 � DAS-59122-7 was less than from ei-

ther of the single Bt traits (Table 2). Sex ratio was not significantly

impacted by MON 88017, DAS-59122-7, or the combination

(Table 2). Under lab conditions, Cry34/35 can bias the sex ratio to-

ward males (Binning et al. 2010). However, under field conditions,

Hitchon et al. (2015) found no male bias in DAS-59122-7 and a

slightly female-biased sex ratio from MON 88017 and MON 88017 �
DAS-59122-7. In this study, at the Burnt Prairie site, traits signifi-

cantly impacted male mass, and there was a trend for smaller fe-

males emerging from traits (Table 2). At the Mount Vernon site,

neither male nor female mass was affected by the trait treatments. Bt

traits can significantly affect beetle size, as measured by smaller

mass (Binning et al. 2010, Petzold-Maxwell et al. 2013) and smaller

head capsule width (Murphy et al. 2011, Petzold-Maxwell et al.

2013). However, Cry34/35Ab1 has had no effect on beetle size in

other studies (Storer et al. 2006).

Dose estimated in this study validates results from previous stud-

ies and modeling. Event MON 88017 dose was estimated at 97.4–

99.3% (Table 3), which is comparable with doses used in resistance

evolution simulation modeling (96.2–99.96%; US EPA 2009). Dose

of DAS-59122-7 was estimated as 98.8–99.9% (Table 3), which is

comparable with results from lifetime larval exposure in the labora-

tory (99.5%; Binning et al. 2010) and from field data (99.14–

99.98%; Storer et al. 2006) and on the high end of dose estimates

Table 3. Low-end dose estimates for DAS-59122-7, MON 88017, and MON 88017 � DAS-59122-7 against western corn rootworm larvae

based on the lowest egg density of the isoline

Treatment Egg density (eggs

per row-meter)

Burnt Prairie, IL Mount Vernon, IN

Adults emerged per cage Dose estimate (%) Adults emerged per cage Dose estimate (%)

Isoline 410 86.50 – 59.0 –

MON 88017 3,280 5.0 99.28 12.5 97.35

DAS-59122-7 3,280 0.5 99.93 5.5 98.83

MON 88017 � DAS-59122-7 3,280 0 100.00 1.5 99.68
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used in modeling (94.20–99.18%; US EPA 2009). Dose of MON

88017 � DAS59122-7 in SmartStax corn was estimated as 99.68–

100.00%, which is at the high end of the dose estimates used in

modeling (98.22–99.97%; US EPA 2009). In this study, the actual

dose was likely to be greater than the estimated dose values (Table 3),

since density-dependent mortality was most likely still a factor at the

lowest egg density (Fig. 1). Hitchon et al. (2015) suggested that

some density-dependent mortality could be occurring with Bt traits,

which could result in the potential overestimation of Bt trait dose.

However, because of the mortality already imposed by Bt traits,

density-dependent mortality in Bt traits is most likely a minor factor,

and the range of dose parameter values previously used in simula-

tion models (US EPA 2009) was likely conservative. This study con-

firms the need to account for density-dependent mortality when

estimating dose of corn rootworm protection events even at rela-

tively low egg infestation densities. Furthermore, the dose estimates,

using the approach taken here to account for density-dependence,

validate the dose estimates previously obtained for DAS-59122-7

using literature estimates of density-dependence (Storer et al. 2006).

Because small changes in assumption of density-dependent mortality

can lead to relatively large changes in dose estimates (Hibbard et al.

2010a), field validation of dose is important for understanding the

effects of density-dependent mortality.

Density-dependent mortality is a significant factor at the egg

densities typically used, and lower egg densities may need to be con-

sidered to avoid density-dependent mortality, based on the data pre-

sented here and elsewhere (Branson and Sutter 1985; Fisher 1985;

Sutter et al. 1991; Hibbard et al. 2010a, Hitchon et al. 2015).

However, accounting for density-dependent mortality is challenging

when testing traits because egg densities in non-Bt plots need to be

relatively low to minimize density-dependent mortality, but egg den-

sities in Bt plots must be greater (around 3,300 eggs per row-meter)

to get measurable survival, particularly for pyramided traits. Lower

egg densities could be used, but researchers would need to increase

replication substantially to account for low measured survival in Bt

plots. Since density-dependent mortality can be present at relatively

low infestations, it needs to be taken into account when estimating

trait dose, but this will be important at each trial and location. The

contribution of density-dependent effects to overall rootworm mor-

tality can vary substantially, even within the same environment

(Hibbard et al. 2010a), and should vary among growing conditions

and environments, which will impact the calculations of effective

dose.
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