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Abstract To delay evolution of insect resistance to insecticidal Bacillus thuringiensis Berliner (Bt) transgenic

crops, USA and Canadian maize growers commonly set aside a portion of each field as a refuge,

where susceptible pests can develop without exposure to the toxin(s) expressed in the insecticidal

crop. Abundant mate-seeking refuge adults are expected to move into insecticidal crop areas and

mate with rare, resistant insects. Production of heterozygous offspring, rather than homozygous off-

spring reduces the rate of resistance evolution. Expectations about the refuge strategy are predicated

on assumptions about when and where pest insects move andmate. Accumulating evidence indicates

that the behavior of western corn rootworm beetles, Diabrotica virgifera virgifera LeConte (Coleo-

ptera: Chrysomelidae) (WCR), in refuge and corn rootworm (CRW)-active Bt-transgenicmaize does

not always conform to assumptions about random mating and individual movement. Contrary to

expectations, up to 23.6% of unmated refuge females left refuge and were non-teneral by the time

they mated in CRW-active maize. Consequences of protandry, limited male mating capacity, pre-

mating male and female movement patterns, skewed sex ratios, and delayed adult emergence from

CRW-active maize all may contribute to unexpected or undesirable patterns of WCR reproductive

behavior. Modeling suggests that temporal and spatial components of WCRmating that limit inter-

actions in block refuges can be reduced by deploying blended refuges.

Introduction

To delay evolution of insect resistance to transgenic insec-

ticidal Bacillus thuringiensis Berliner (Bt) maize, growers

commonly set aside an area within or near each Bt maize

field as a refuge, where susceptible pests can develop with-

out exposure to the toxin expressed in the insecticidal crop

(Onstad et al., 2011). Susceptible insects produced in ref-

uge are expected to enter the insecticidal crop area to mate

with the rare, resistant survivors.Mating between suscepti-

ble insects from the refuge and homozygous resistant indi-

viduals from the insecticidal crop generates heterozygous

offspring that will subsequently die in the insecticidal

crop. The refuge strategy is most effective when the level

of toxin expression is high enough to kill almost all

heterozygotes.

Thus, the success of an insect resistance management

(IRM) strategy depends on more than just the dose of

toxin; the behavior and ecology of the target pest are also

important details that help determine how much refuge is

necessary and where it must be deployed (Tabashnik,

1994; Gould, 1998). Simulation models are used to evalu-

ate the efficacy and durability of a particular toxin in a ref-

uge design (Storer, 2003; Onstad, 2006; Pan et al., 2011;

Onstad et al., 2011). These models are parameterized with

literature-derived assumptions about pest biology; this

framework allows complex variation in pest biology to be

explored. For example, the expectation that receptive
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males and females mate whenever conspecifics are

encountered in the field may be a flawed assumption. The

assumption of random mating is the benchmark of many

IRM models (Onstad, 2008). In this case, we define ‘mat-

ing failure’ as the failure of resistant individuals to mate

with susceptible individuals to produce heterozygotes,

which are expected to be killed by high-dose expression of

the toxin. If randommating is common in a landscape, the

rarer resistant insects are far more likely to encounter and

mate with abundant susceptible individuals. However,

what happens if some insect species have male adults that

are not efficient searchers, do not fly long distances, have

limited multiple mating abilities, or that preferentially

mate with females of a given phenotype? When the land-

scape is composed of large, structured patches of crops,

the limited abilities of males become more apparent and

important. Thus, mating failure is a problem that can be

based on both insect behavior and the variety of landscapes

that the insects inhabit.

For diabroticite corn rootworms (CRW) (Coleoptera:

Chrysomelidae) in North American maize, there is

uncertainty about the assumption that adequate mating

will occur between individuals of different genotypes

emerging from transgenic insecticidal Bt maize

(‘CRW-active maize’) and the non-Bt refuge (‘refuge’).

In this study, we describe the behavior, population

dynamics, and genetics of Diabrotica virgifera virgifera

LeConte (western corn rootworm, WCR) in a land-

scape of maize to demonstrate the consequences of

mating failures for resistance evolution.

Western corn rootworm biology

Because core assumptions of the refuge strategy hinge

upon insect mating and movement, the effectiveness of a

refuge strategy also depends on an understanding of pest

behavior. TheWCR is themost serious insect pest ofmaize

across the ‘USA Corn Belt’. Annually, the WCR and the

related northern corn rootworm (Diabrotica barberi Smith

& Lawrence) cost producers nearly 1 billion USD in com-

bined yield losses and management expenditures (Rice,

2004); it may be the world’s most expensive pest to control

(Cock, 2011).

TheWCR is protandrous; adult males emerge ca. 5 days

before females (Branson, 1987); yet, 97.8% of the male

emergence period overlaps with that of females (Quiring

& Timmins, 1990). After males emerge, ca. 5–7 days of

development are required for 80% ofmales to reach sexual

maturity and become responsive to female sex pheromone

(Guss, 1976). Branson et al. (1977) observed that males

could mate on average eight times during a 42-day period

when supplied with virgin females in a confined laboratory

environment, and Quiring & Timmins (1990) found that

males could mate up to 17 times during their lifetime. In

contrast to males, adult females are sexually mature upon

emergence (Hammack, 1995). Among newly emerged

females, 54% began calling (i.e., release of sex pheromone

from glands near the abdominal tip) on their emergence

day, 96.4% called during the following day, and by day 3

all had called (Hammack, 1995). Unmated females can

release pheromone for at least 3 days (Hammack, 1995).

Quiring & Timmins (1990) found 96.6% of mating

females were teneral (97.2% of mating males were not

teneral and thus not newly emerged). The elytra of teneral

females are completely sclerotized ca. 12–24 h after emer-

gence (Cates, 1968). In a study of 30 female WCR, Mar-

quardt & Krupke (2009) reported that although females

begin calling soon after they emerge, the earliest respond-

ing males were frequently rejected and no matings

occurred until 4 h after emergence.

Many mated females fly out of their natal field within

several days after mating. Among dispersing females

caught when ascending from cornfields, 84% still con-

tained a spermatophore (Spencer et al., 2005); all traces of

a spermatophore are degraded by 5–7 days after mating

(Lew & Ball, 1980). Historically, female dispersal from

their natal continuous cornfields was responsible for the

high proportion of females in rotated cornfields (Godfrey

& Turpin, 1983).

Western corn rootworm, CRW-active maize hybrids,
and refuge

The 2003 commercialization of a first rootworm-protected

transgenic Bt hybrid, Cry3Bb1-expressing YieldGard®

Rootworm (Monsanto), offered growers an alternative to

soil insecticide for rootworm management (Rice, 2004).

Grower adoption of all insect-resistant and stacked gene

Bt maize varieties (expressing both insect resistance and

herbicide tolerance) has steadily increased [USDA-ERS

(United States Department of Agriculture-Economic

Research Service), 2012].

Although Cry3Bb1-expressing maize was not a high-

dose event (nor were any of the subsequent CRW-active

events), the IRM plan for Cry3Bb1 included a 20% non-Bt

refuge (EPA (Environmental Protection Agency) Office of

Pesticide Programs, 2003) later commercial rootworm-

resistant hybrids expressing different single rootworm-

active Cry proteins – i.e., Cry34/35Ab1 (2005) and

mCry3A (2007) – inherited the same refuge requirement.

Subsequent stacked and pyramided products were granted

10 and 5% block refuges. Later, integrated refuge versions

of these products (‘refuge in a bag’ seed blends) were regis-

tered with the same percentage refuge requirements.
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An adjacent or within-field block of refuge maize

planted on 5–20% of the field is the most common refuge

approach in North America. Where and how the refuge is

planted influences its effectiveness (Onstad et al., 2011).

However, because of constraints imposed by the shape of

fields, producer preferences for row strips or block refuges

and the year-to-year location of refuge in a field, the con-

figuration of a compliant 5–20% refuge will be highly vari-

able. As adoption of Bt-technology increased, compliance

with refuge regulations designed to delay pest resistance

experienced a decline (Jaffe, 2009) at the expense of inte-

grated pest management (IPM) (Gray, 2011a,b). Evidence

of WCR field resistance to the Cry3Bb1 toxin expressed in

the first commercialized hybrids was discovered in 2009

(Gassmann et al., 2011). Laboratory selection for resis-

tance had previously been demonstrated for Cry3Bb1,

Cry34/35ab, andmCry3a toxins (Meihls et al., 2008, 2011;

Lefko et al., 2008).

Whereas a large and mobile population of mate-seeking

WCRmales is the anticipated product (the ‘active ingredi-

ent’) of refuge, an equally large population of females is

also produced (albeit slightly later). Expectations about

the dynamics of refuge male movement and mating in

transgenicmaize are central to expectations about how ref-

uges function. Furthermore, the impact of a large refuge

female population on the reproductive dynamics of the

males is unexplored as is the dispersal behavior of virgin

females within large patches of CRW-active maize.

Although Coats et al. (1987) observed no unmated

females flying while tethered in flight mills before the 3rd

day after emergence, J Spencer (unpubl.) observed

50–60% of unmated, non-teneral females flying at least

5 m (5–10 rows ofmaize) upon release in a field. Similarly,

Marquardt & Krupke (2009) found that 23% of females

flew from their natal plant to another plant before mating.

Western corn rootwormmating and modeling

The assumption of random mating for WCR emerging in

refuge and CRW-active maize hybrids was used to develop

models predicting the likelihood of resistance evolution in

WCR (Crowder et al., 2005; Storer et al., 2006; Pan et al.,

2011). These predictions are based on a combination of

empirical data and several key assumptions where data are

lacking. Here, we review the literature regarding mating in

this species to assess how the various refuge types may

function, including identifying conditions that may lead

to mating failures in this system.

Western corn rootworm female size

Kang & Krupke (2009a) explored constraints on WCR

mating. They found a positive relationship between female

weight and the number of male mating attempts (both

successful and unsuccessful) when males were given a

choice between females of different sizes (Kang & Krupke,

2009a). There was also a negative relationship between

female weight and time elapsed until the initial mating

attempt: males were more likely to attempt to mate with

large females quickly. No effects of male weight were

observed. Female weight is viewed as a proxy for fitness in

many insects, including WCR where it is correlated with

fecundity (Branson & Sutter, 1985). The Kang & Krupke

(2009a) experiments showed that female weight is an

important variable predicting WCR mating rates in the

laboratory. Hibbard et al. (2004) documented significant

field differences in female weight on natal maize hosts, fur-

thermore, the relationship was found to vary with larval

density. Under high population densities, adults emerging

from CRW-active maize may be larger due to release from

density-dependent competition (Hibbard et al., 2004),

whereas at lower population densities, females emerging

from CRW-active maize hosts are smaller (Storer et al.,

2006; Murphy et al., 2011). From the perspective of refuge

function, these data demonstrate that the effects of CRW-

active maize upon adult size may vary across landscapes

whereWCR population densities are not equal.

Male WCR mating capability

Lifetime WCR male mating potential is an important

parameter for assessing refuge effectiveness. Although

early work (Branson et al., 1977; Quiring & Timmins,

1990) found that males mated between 8 and 17 times over

their lifetime in the laboratory, more recent work by Kang

& Krupke (2009b) suggests that these totals may have been

inflated, likely due to a combination of small mating

enclosures and highly female-biased sex ratios in mating

arenas.

Kang & Krupke (2009b) confined individual field-

collected males and females in enclosures with fresh maize

and silks to determine male mating potential. Each male

was allowed to mate once, then supplied with successive

virgin females daily. Males mated on average 2.24 times

within 10 days following their first mating, but only aver-

aged 0.15 matings during days 11–20. Whereas Kang &

Krupke (2009b) addressed some key criticisms of the

earlier work, factors like long-range mate location, court-

ship, and male mate competition were not addressed. It is

possible that mating success by aging males is even lower

in the field. Physiological constraints may also lower male

mating potential.Males invest significantly in eachmating;

they deposit a large spermatophore (equal to 7–9%ofmale

mass) in the female during copulation (Quiring &

Timmins, 1990). The role of the spermatophore in

predicting fertility/fecundity remains unclear, although
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stable isotope studies usingN15 indicate that the spermato-

phore is largely composed of water and protein, some of

the material makes its way into the eggs of the female

(Murphy & Krupke, 2011). The time needed to replenish

spermatophore-forming components between matings

may further limit mating potential.

Males could be expected to mate early, likely with the

first suitable and receptive female they encounter. For ref-

uge males, these females are likely to be more abundant in

the refuge parts of fields. Declining male mating ability

with age after first mating may limit the impact of refuge

males in CRW-active maize parts of the field. This rela-

tively narrow window for mating among males, combined

with WCR emergence delays within fields (e.g., CRW-

active maize vs. refuge maize) may mean that later-

emerging females from CRW-active maize have little

chance to encounter any remaining, viable mate-seeking

males that originated from refuge areas. Instead, females

from CRW-active maize may be more likely to encounter

younger mate-seekingmales emerging from the same natal

area. The low frequency of multiple matings reported by

Kang & Krupke (2009b) indicates that if the population of

males is low, some females may remain unmated.

Modeling

Pan et al. (2011) created a model of WCR population

genetics and dynamics (including a submodel for adult

emergence, dispersal, mating, and oviposition) that

accounted for some of the work of Krupke and coworkers.

The model was intended to compare refuges deployed as

seed blends with refuges deployed as single blocks adjacent

the blocks of CRW-active maize. Deploying refuge in a

seed blend minimizes the scale of landscape heterogeneity

and the isolation of females in CRW-active maize from

males in refuge.

In Pan et al. (2011), males were allowed to disperse

starting on the 1st day of their adulthood with a mean dis-

persal rate of 15 m day�1, derived from rates published by

Bruss (1981) and Spencer et al. (2009). Mean dispersal

rate is used to calculate the probability of male movement

to a given 1-ha cell in the simulated maize region.

Dispersal distance was assumed to follow an exponential

distribution, daily dispersal direction was random.

Marquardt & Krupke (2009) observed that most

females moved little before mating. In the model, all

females are mated as teneral adults in the natal patch. The

model assumed a 35-day emergence period for each sex.

Males emerged 7 days before females and all emergence

from refuge maize occurred 7 days before emergence in

CRW-active maize (Pan et al., 2011). Thus, the first

female emerging from CRW-active maize emerges

14 days after the first male in the refuge. Kang & Krupke

(2009b) observed few males mating during the later stages

of their adulthood, so the model was simulated with both

unlimited male mating capability (all 35 days) and male

mating restricted to the first 10 days of male adulthood,

as well as both blended and block refuges.

A 10% blended refuge with the assumption of unlimited

male mating capability was the reference (Pan et al.,

2011); it simulated a field that was planted from bags con-

taining a blend of 90% CRW-active maize and 10% refuge

maize seed. In a seed blend, refuge plants are distributed

randomly throughout the field, rather than grouped into

blocks. Refuge blocks could either be relocated within

fields every year or replanted in the same location. The ref-

erence simulation results in a 12-year delay before the

resistance allele frequency for the major gene increases

from 0.001 to 0.5 (Table 1). Table 1 demonstrates how

shortening male mating period affects the pace of resis-

tance evolution. When males only mated during the first

10 days of adulthood, evolution of resistance occurred

faster. Pan et al. (2011) also found that resistance evolved

faster as delays between female and male emergence grew

longer. For our reference simulation of a 10% blended ref-

uge, a 3-day difference in emergence slowed resistance

evolution by 1 year, from 12 to 13 years. Evolution was

delayed by a year from 12 to 13 years when the difference

in emergence periods was lengthened to 14 days. With a

5% blend, a shorter 3-day delay slowed resistance evolu-

tion by 2 years compared with the standard scenario with

a 7-day delay. Doubling the emergence delay from 7 to

14 days only decreased the time required by 1 year. There

were no changes with block refuges. The results in Table 1

Table 1 Influence of reducing western corn rootworm (WCR)

male mating period from 35 days (entire lifespan of adult) to

10 days on number of years to 50% resistance allele frequency for

various scenarios. The 10% blend refuge was used as the reference

simulation

Scenario

Male mating

period

10 days 35 days

20% block refuge, location fixed 16 >20
20% block refuge, location changed yearly 8 9

10% block refuge, location fixed 12 18

10% block refuge, location changed yearly 8 8

5% block refuge, location fixed 11 17

5% block refuge, location changed yearly 7 8

20% blend refuge 10 14

10% blend refuge 9 12

5% blend refuge 8 10

No refuge 5 5

Adapted fromTable 10 in Pan et al. (2011).
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indicate that the duration of male mating period can

accentuate the sensitivity of predictions to emergence tim-

ing of males and females. For IRM purposes, the more

pressing question may be how these assumptions about

basic mating behavior play out under field conditions,

usingmating pairs in large plots.

Materials and methods

Field study

Western corn rootworm abundance, movement, and mat-

ing activity in and around interfaces between refuge and

CRW-active maize were the focus of the field study

(Figure 1). In this study, 20% block refuges were deployed

in CRW-active maize as a single in-field strip (2005, 2006)

or an edge-of-field block (2010, 2011). In 2007, a 50% ref-

uge was deployed. The goals of the field study were to

determine whether WCR moved between refuge and

CRW-active maize before mating and to document pat-

terns of abundance and mating relative to refuge and

CRW-active maize areas. Western corn rootworm move-

ment between refuge and CRW-active maize was dis-

cerned by analyses of ingested maize tissues in WCR gut

contents according to the methods of Spencer et al.

(2003). By pairing the planting of refuge and CRW-active

maize hybrids that expressed different Cry proteins, we

could use the presence of maize tissues specific to refuge or

CRW-active maize fields to reveal where WCR had been

feeding before they were collected. The Cry proteins

expressed in Bt-transgenic maize hybrids provide a source

of specific ‘markers’ that are detectable with simple, inex-

pensive tests (e.g., QuickStixTM; EnviroLogix, Portland,

ME, USA). QuickStix yield data about the presence/

absence of a specific Cry protein (e.g., Cry3Bb1, Cry1Ab,

or Cry1F) present in tissues consumed byWCR adults.

Although Cry proteins expressed in CRW-active maize

hybrids are toxic to neonate WCR larvae (Vaughn et al.,

2005), adults are unaffected and readily consume the tissue

during normal feeding (Spencer et al., 2003). Ingested Cry

proteins remain detectable in the gut contents for ca.

1 day (Spencer et al., 2003). Their use for movement stud-

ies is a direct way to reveal patterns of male and female

WCR movement between refuge and CRW-active maize

relevant to expectations about refuge function.

The study site was the 16.2-ha University of Illinois

‘Shaw Farm’, northeast of Urbana. Fields were planted

with 0.76-m wide rows aligned on a north–south axis.

There were three 0.6-ha replicates deployed in 2005, 2010,

and 2011, and four 0.9-ha replicates deployed in 2006 and

2007 (Figure 1). To minimize movement between

replicates and nearby fields, they were separated by 7- to

10-m-wide alleyways. Interfield movement from commer-

cial fields within 10 m (via detection of unique Cry pro-

teins) accounted for just 0.8% of all captures in 2010 (S

Hughson & J Spencer, unpubl.). Fields were sampled and

maize phenology was recorded 2–5 times per week.

Western corn rootworms were collected by walking

down a row while knocking live adults from plants into a

funnel mounted on a jar containing chips of dry ice. Bee-

tles that tumbled into the jar were immobilized by CO2

and killed by intense cold. When encountered, mating

pairs were collected in the same manner as singleton

adults.Western corn rootworms in copula remain coupled

after they fall and are frozen together; pairs engaged in

24r  16r 75r 

2006 (x4) 92r 

2010 & 2011 (x3) 

2005 (x3) 

58r 58r 

TG Rfg

TG RfgTG 

24 36 48 60 72 8220 12 1233

912 63333 121512 

12 6012 24 3633 48 123648 24331224

46r 

Rfg

2007 (x4)

TG TG TG 

46r 

9 615 

Rfg

24r  

24r  

Figure 1 Field layouts used tomonitor western corn rootworm (WCR) abundance andmating in refuge (Rfg) and corn rootworm

(CRW)-active maize (TG) in 2005–2007 and 2010–2011.WCR live collections were made in the indicated rows (r) within a replicate; row

number designations are relative to refuge–TG interface(s). Plot areas were 0.9 ha (2006–2007; four replicates per year) or 0.6 ha (2005,

2010–2011; three replicates per year). Refuge was 20% of field area, except in 2007 when it was 50%. The 2005–2006 TG hybrid was

YieldGard RootwormTM (expressing Cry3Bb1) and the Rfg hybrid was YieldGard Corn BorerTM (expressing Cry1Ab). The 2007 TG

hybrid was YieldGard PlusTM (expressing Cry1Ab + Cry3Bb1) and the Rfg hybrid was Herculex® I (expressing Cry1F). The 2010–2011 TG
hybrid was Herculex®Xtra (expressing Cry1F + 34/35Ab1) and the Rfg hybrid was Herculex® I (expressing Cry1F),
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post-mating mate-guarding separate once they fall into

the jar. These ‘live’ collections were timed (e.g., 2–5 min);

abundance and encounters with mating pairs were calcu-

lated on a ‘per min’ basis.

A replicate consisted of 8–13 live collections in desig-

nated maize rows on both sides of the interface between

the refuge and the CRW-active maize in a plot (Figure 1).

There were three collection rows in refuge blocks (except

in 2006 when there were two); the remaining collections

occurred in the adjacent CRW-active maize rows

(Figure 1). Collections occurred between 09:00 and

11:00 hours.

After a collection, sample insects were bagged and

stored on dry ice. When later examined in the laboratory

before storage at �25 °C, WCR were counted and sorted

by sex. Females were scored as teneral (gray or pale yellow

in part or whole; females <24 h post-emergence) or

mature (boldly yellow and black; females >24 h post-

emergence). No teneral males were discovered in mating

pairs. Mating pairs were not physically separated until they

were tested for the presence of the two Cry proteins that

distinguished between the refuge and CRW-active maize.

Data analysis

Statistical comparisons of the proportion of teneral

females in mating pairs and the proportion of mating

males and mating females that carried ingested evidence of

movement were analyzed with Fisher’s exact test (Fisher,

1922). Significance for multiple comparisons was deter-

mined using a sequential Bonferroni correction (Holm,

1979).

Results and discussion

Local WCR abundance declined during the field study.

Peak WCR abundance in refuge maize was 6.4–13.1
WCR min�1 in 2005–2007 vs. 2.8–5.3 WCR min�1 in

2010–2011. The rate at which mating pairs were

encountered (i.e., mating rate) was also much higher

in 2005–2007: 0.16–0.38 vs. 0.07–0.09 matings min�1

in 2010–2011. Growing adoption of CRW-active maize

hybrids and several consecutive years of saturated soils

during critical periods of egg hatch and larval estab-

lishment on roots (Sutter et al., 1989) likely contrib-

uted to the low population densities.

Analyses of WCR mating and the individual females

from mating pairs revealed that female maturity varied

between refuge andCRW-activemaize areas as well as with

maize growth stage (Figure 2). The proportion of teneral

females in mating pairs was low during the earliest part of

the growing season in CRW-active maize whenmales were

abundant (high sex ratios) as well as late in the season in

refuge maize. Proportions of teneral mating females rose

later in the season, particularly in CRW-active maize,

when sex ratios were around 1.0 or even female biased

(low sex ratios). Overall, greater proportions of teneral

females in mating pairs were associated with CRW-active

maize during post-pollination and with refuge maize dur-

ing the vegetative and pollination periods ofmaize phenol-

ogy. High proportions of teneral females in mating pairs

from CRW-active maize during post-pollination are con-

sistent with documented delays in adult emergence from

CRW-active maize (Storer et al., 2006; Murphy et al.,

2010).
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Figure 2 Mean (± 95% confidence intervals) yearly proportion

of teneral female western corn rootworm (WCR) inmating pairs

andmale:female sex ratios (i.e., the numbers near the horizontal

axes) for sample locations in refuge and corn rootworm (CRW)-

active maize rows. Teneral females are newly emerged and pale

colored; they are <24 h old and lack a fully sclerotinized cuticle.

Data are grouped by corn phenology at the time ofWCR

collection. Comparison of teneral proportions between corn

phenology periods was carried out by Fisher’s exact test.

Significance for multiple comparisons was determined using a

sequential Bonferroni correction. ns, not significant, *P<0.05.
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A linear regression of proportion teneral females inmat-

ing pairs on sex ratio during each period of maize phenol-

ogy revealed a significant positive relationship during

pollination (F1,8 = 8.65, P = 0.019; R2 = 0.519). The

beginning of the pollination period coincides with the

peak adult emergence from refuge maize and an abun-

dance of preferred foods (i.e., maize pollen and silks).

However, the analyses also revealed that there was no sig-

nificant relationship between sex ratio and proportion of

teneral females in mating pairs during the vegetative

(F1,8 = 0.654, P = 0.44; R2 = 0.076) or post-pollination

(F1,8 = 0.707, P = 0.43; R2 = 0.081) periods. This finding

suggests that expectations about rapid WCR mating may

be unmet during the early season period of emergence

from block refuge and later in the season when the

(delayed) emergence from CRW-active maize is fully

underway. What may explain the failure of high relative

male abundance to assure rapid mating of teneral females

(Quiring & Timmins, 1990)?

During early female emergence, many of the males that

are present will also be newly emerged but not yet be sexu-

ally mature (i.e., >5–7 days old), thus the operational sex

ratio will be much lower than would be suggested by the

observed sex ratio. The net result may be too few sexually

mature males to mate with the available females; thus,

many females will wait more than a day before they attract

a mate (as non-teneral females). Perhaps sexually mature

males are present, but because calling females are present

in excess, many males are in a post-mating refractory per-

iod while they feed to replenish the spermatophore com-

ponents they provided during their last mating. Males that

mate during the vegetative period of maize phenologymay

be forced to replenish their spermatophore-forming com-

ponents frommaize foliage that is less nutritious than pol-

len and silks, resulting in longer intervals betweenmatings.

During pollination, mating males may feed on pollen and

silks and be more rapidly renewed between copulations.

During post-pollination, although many males will be

present, a significant portionmay be past reproductive age

– i.e., >10 days after reaching sexual maturity (Kang &

Krupke, 2009a) – and food quality/abundance may also be

diminished; these factors could also contribute to an even

lower operational sex ratio.

Female dynamics may affect the high proportion of

mating teneral females in CRW-active maize when sex

ratios are equal or female biased. Later in the season, we

hypothesize that the operational sex ratio may again

become skewed resulting in an operational male bias. At

the end of pollination and into post-pollination, many

already mated females (originally from refuge or immi-

grants from neighboring fields) have become distributed

across CRW-active maize (S Hughson & J Spencer,

unpubl. 2010 and 2011 field data). The greatest WCR

abundance occurs around this time (ca. 1st week of

August) as emergence from CRW-active maize is peak-

ing. When females are relatively plentiful, newly emerged

calling females will be just a fraction of the female popu-

lation. From the perspective of the remaining mate-seek-

ing males (which will include a small proportion of

males that emerged from CRW-active maize), mated

females are irrelevant. The operational sex ratio is thus

skewed to favor the rapid discovery of a relatively few

calling females by many males. In addition, as the ear

develops and the rest of the plant senesces, hungry young

and old WCR adults congregate on the dwindling supply

of moist, nutritious silks. These circumstances make it

likely that mate-seeking males and newly emerged

females will be in close proximity.

Analyses of ingested Cry protein within the 1803

mature and teneral mating females from Figure 2 revealed

dietary evidence of the proportion of females that moved

between refuge and CRW-active maize (or vice versa)

before their capture in copula (Figure 3). Most females

(216/230 = 0.94) that moved were mature females. All but

two of the mature moving females were detected during

the years of higher WCR abundance (2005–2007). Teneral
females were found to have rarely crossed into the other

portion of the field before they mated. At low WCR

abundance (2010–2011), there was almost no pre-mating

intrafield female movement. An insect was considered a

‘non-mover’ if testing revealed that it only contained a Cry

protein available in the area where it was collected. Newly

emerged (teneral) adults that did not test positive for any

Cry protein were also counted as non-movers. Because

detection of ingested Cry proteins is limited to ca. 24 h

post-ingestion, insects that fed and moved >24 h before

capture would not be identifiable as movers. This method

documents movement during the 24 h before capture.

Parallel analysis of the male partners from mating pairs

revealed a similar, although not identical pattern of mov-

ers and non-movers (Figure 4). The pattern of mating

male recovery deviated from females (Figure 3) because a

pair may include an individual that moved and one that

did not, thus partners could be counted in different loca-

tions in Figures 3 and 4. The yearly proportion of moving

males (2005: 0.285; 2006: 0.474; 2007: 0.216; 2010: 0.090;

2011: 0.168) was significantly greater than the proportion

of moving females (teneral + mature) each year (2005:

0.090; 2006: 0.236; 2007: 0.115; 2010: 0.015; 2011: 0.010)

with the exception of 2010. When these data were grouped

by maize phenology (data not shown), the proportion of

mating males that had moved between areas of the field

before theymated was significantly higher during the vege-

tative period (0.38) than during pollination (0.14) which
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was significantly greater than that during post-pollination

(0.07). The tendency for male movement declined during

the season.

Among the 14 teneral females that engaged in pre-mat-

ing intrafield movement, 10 (71%) were collected in the

sampling row that was nearest to the interface with the

other side of the field (i.e., row 3 = 1.5 m). The greatest

distance moved from the interface by teneral females

before mating was 36 rows (27.4 m) into CRW-active

maize; two refuge females were detected at this distance in

2007. Amongmature females frommating pairs, individu-

als that crossed the field interface were found at the farthest

ends of the sampling arrays (15, 60, and 48 rows away from

the interface, respectively) every year between 2005 and

2007. Given the ca. 1-day detection interval for ingested

Cry-expressing tissue (Spencer et al., 2003), maximum

pre-mating movement rates for WCR females could be as

high as 45.7 m day�1 (i.e., 60 rows day�1*0.76m per row).
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Figure 3 Proportion of western corn rootworm (WCR) females

collected in mating pairs containing evidence of pre-mating

movement or non-movement. Thematurity of mating females in

refuge or corn rootworm (CRW)-active maize collection rows

was classified as teneral (<24 h old; white bars) ormature (>24 h

old; black bars). Movement determination was based on

detection of ingested Cry proteins specific to the refuge or the

CRW-activemaize hybrid in individuals collected inmaize in

which the specific protein was not expressed. The collection row

indicates the number of 0.76-m rows a female hadmoved before

her capture in copula. The number of teneral ormature females

in eachmovement class is depicted above the collection row bar.

n is total mating females analyzed.
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Figure 4 Proportion of western corn rootworm (WCR)males

collected in mating pairs containing evidence of pre-mating

movement or non-movement. Movement determination was

based on detection of ingested Cry proteins specific to the refuge

or the corn rootworm (CRW)-active maize hybrid in individuals
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The range of male movement distances is similar

(Figure 4), although a greater proportionmoved.

Despite evidence for significant pre-mating female

movement (i.e., 23.6% in 2006, as noted above), the

majority of pre-mating teneral and mature females did not

likely move from the refuge area where they developed as

larvae. When females moved before mating, the movers

were usually mature females. The decline in detection of

intrafield movement by pre-mating females in the low-

abundance years (2010, 2011) may implicate WCR density

as a factor in the likelihood ofmovement; however, detect-

ing scarce movers would naturally be more challenging at

low density.

Gut content analysis also indicated that most males had

not moved between refuge and CRW-active maize in the

day before they mated; however, the percentage of movers

was generally higher (up to 47.4% in 2006, as noted

above). We hypothesize that a refuge male population that

should have been adequate to mate with the females that

emerged in block refuges, dispersed before female emer-

gence was complete and were distributed too thinly across

the entire field, leaving a relatively low population to inter-

act with the daily flux of calling females. As females

emerged from refuge blocks, the local abundance of mate-

seeking males with the capacity to mate was too low to

assure a likelihood of rapid mating (perhaps due to

exhausted supplies of spermatophore-forming compo-

nents and/or advancing age, as hypothesized above). The

result was a refuge male population that included too few

mate-seeking males to mate with all the females as they

emerged. These unmated females remained sexually recep-

tive and continued to call for several days (Hammack,

1995) as they fed and moved about. A portion of these

females (ca. 9–24% in 2005–2007) dispersed into CRW-

active maize areas that were more sparsely inhabited by

calling competitors, we hypothesize that these unmated

females eventually encountered a mate-seeking male and

mated – as mature females.

Conclusions

Over the past 15 years ormore, the implementation of sci-

ence-based IRM has forced applied entomologists to mea-

sure a variety of ecological processes that were infrequently

studied when the emphasis of integrated pest manage-

ment research was upon reduction in pest populations

and/or damage. Given the importance of assumptions

about insect behavior and ecology in IRM, it is necessary

that models for assessing the durability of IRM strategies

are parameterized with data collected under conditions

similar to those to be simulated. Ground-truthing a model

helps to explain failed alignment of expectations with

observations and can reveal interactions between factors

that would not have been easily predicted. This conclusion

echoes the emphasis placed on this topic by Onstad

(2008). The study of insect behavior becomes even more

challenging when it must be performed in novel structured

landscapes.

Revisiting the assumptions about rapid mating for

WCR females originating in refuge as well as CRW-active

maize suggests that some IRM assumptions about move-

ment and mating may be wrong. When WCR abundance

is modest in fields with block refuges, 9–24% of mating

females may not rapidly find a mate in the field where they

likely emerged. These unexpected patterns of behavior

may have other consequences for refuge function. How

does the presence of refuge females in CRW-active maize

alter the probability that refuge males will mate with resis-

tant females from CRW-active maize? Furthermore, what

fraction of refuge males present in blocks of CRW-active

maize during female emergence retain the capacity tomate

with a female? Is pre-mating female (andmale) movement

outside of their natal area affected by WCR density? The

proportion of teneral females in mating pairs may be an

indicator of the local abundance of mate-seeking males;

however, the operational sex ratio, crop and insect phenol-

ogy, and the type ofmaize (refuge or CRW-active) will also

factor into a judgment of whether the refuge is functioning

as expected.

Laboratory observations, model outputs, and field data

will all contribute to answering the questions we present

above. The field study illustrates the importance of assess-

ing refuge function in vivo; we observed potential mating

failures that may not have otherwise been anticipated.

Documenting these patterns will enable refinement of

assumptions and improved IRMmodels.

Given declining levels of grower compliance with

government regulations concerning block refuge size

and location (Jaffe, 2009; Gray, 2011a,b), blended ref-

uges were evaluated for WCR IRM by Pan et al.

(2011) who accounted for larval and adult behavior

when simulating seed blends. As indicated in Table 1,

the 10–20% blended refuges provide the longest dura-

bility for any of the scenarios in which refuge is relo-

cated every year. Although, block refuges maintained at

the same location forever extend durability, they are

rarely deployed by North American maize growers.

Thus, a new era in which seed blends of CRW-active

maize are given equal consideration with block refuges

has begun (Onstad et al., 2011). Of course the sustain-

ability of any IRM strategy must be evaluated on a

case-by-case basis, depending on crop management,

insect species, and the particular insecticide/Bt toxin

(Onstad, 2008; Onstad et al., 2011).
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The agro-ecosystems in which corn rootworms reside

are neither static nor homogeneous. As natural selection

and pest management occur in the typical North American

maize landscape, there are intervals during the season

(e.g., early in adult emergence andmating) when individu-

als of different WCR genotypes may become spatially and

temporally isolated near where they emerged. However,

there are other intervals (e.g., after post-mating dispersal)

when field populations include many WCR that arrived

after emergence and mating in nearby and distant fields.

Ultimately, the next generation of WCR is derived from

the offspring of both resident and immigrant WCR that

experienced varied selection pressures as larvae and adults.

Understanding andmodeling local WCR adaptation at the

level of the individual and a field are necessary to appreci-

ate the evolution of resistance on a population scale.

Our observations demonstrate various ways that WCR

females can be isolated enough to restrict their opportuni-

ties to mate with males in the farm landscape. These

opportunities are further restricted by evidence that male

mating capabilities decline over time relatively quickly

after males become reproductively active. In an unstruc-

tured landscape (i.e., a seed blend) without extreme patch-

dependent selection pressure andminimal spatial isolation

between refuge and CRW-active maize, limitations on

male ability would not likely be as significant. The

observed and hypothesized circumstances that distort

long-held assumptions aboutWCRmating underscore the

need to account for insect behavior in modern maize agri-

culture, IPM, and IRM. To wit, a review of the literature

regarding frequencies of female mating failures by Rhainds

(2010) reveals that basic insect behavior has lessons for the

relatively applied world of WCR and sustainable maize

production. In his review, Rhainds (2010) concluded that

mating success of females generally increases with the ratio

of males in the population, but the relation between emer-

gence time, sex ratio, and femalemating success is variable.

Our studies support these conclusions. In commercial

maize plantings, emergence times of males and females of

various genotypes are inadvertently altered in ways that

change temporal sex ratios. These changes can interfere

with random mating and have the potential to speed the

evolution of resistance. We believe that insight gained

from studies of the WCR mating system can shape future

investigations of mating failures in genetically diverse

populations inhabiting structured landscapes.

Acknowledgements

Seed maize was provided by T. Nowatzki and S. Moser

(Pioneer Hi-Bred International, a DuPont Company) and

T.T. Vaughn (Monsanto). J.K. Tran, Y. Wang, J. Li, and

M. Tang provided statistical assistance. Portions of the

field study were supported by USDA-National Institute of

Food and Agriculture (NIFA) Grant #2009-65104-05976

to JLS.

References

Branson TF (1987) The contribution of prehatch and posthatch

development to protandry in the chrysomelid, Diabrotica

virgifera virgifera. Entomologia Experimentalis et Applicata 43:

205–208.
Branson TF & Sutter GR (1985) Influence of population density

of immatures on size, longevity, and fecundity of adultDiabro-

tica virgifera virgifera (Coleoptera: Chrysomelidae). Environ-

mental Entomology 14: 687–690.
Branson TF, Guss PL & Jackson JJ (1977) Mating frequency of

the western corn rootworm. Annals of the Entomological Soci-

ety of America 70: 506–508.
Bruss RG (1981) Intrafield Dispersal of Adult Corn Rootworms.

PhDDissertation, Iowa State University, Ames, IA, USA.

CatesMD (1968) Behavioral and Physiological Aspects ofMating

and Oviposition by the Adult Western Corn Rootworm, Dia-

brotica virgifera virgifera LeConte. PhDDissertation, University

of Nebraska, Lincoln, NE, USA.

Coats SA, Mutchmor JA & Tollefson JJ (1987) Regulation of

migratory flight by juvenile hormone mimic and inhibitor

in the western corn rootworm (Coleoptera: Chrysomeli-

dae). Annals of the Entomological Society of America 80:

697–708.
Cock M (2011) Plant pests: The biggest threats to food security?

BBC NEWS: science & environment. [accessed 8 November,

2011]. Available at http://www.bbc.co.uk/news/science-

environment-15623490

Crowder DW, Onstad DW, Gray ME, Pierce CMF, Hager AG

et al. (2005) Analysis of the dynamics of adaptation to trans-

genic corn and crop rotation by western corn rootworm

(Coleoptera: Chrysomelidae) using a daily time-step model.

Journal of Economic Entomology 98: 534–551.
EPA (Environmental Protection Agency) Office of Pesticide Pro-

grams (2003) Biopesticides registration action document:

event MON863 Bacillus thuringiensis Cry3Bb1 Corn. [accessed

November 2012]. Available at http://cera-gmc.org/docs/

decdocs/07-156-003.pdf

Fisher RA (1922) On the interpretation of v2 from contingency

tables, and the calculation of P. Journal of the Royal Statistical

Society 85: 87–94.
Gassmann AJ, Petzold-Maxwell JL, Keweshan RS & Dunbar MW

(2011) Field-evolved resistance to Bt maize by western corn

rootworm. PLoS ONE 6(7): e22629.

Godfrey LD & Turpin FT (1983) Comparison of western corn

rootworm (Coleoptera: Chrysomelidae) adult populations and

economic thresholds in first-year and continuous corn fields.

Journal of Economic Entomology 76: 1028–1032.
Gould F (1998) Sustainability of transgenic insecticidal cultivars:

integrating pest genetics and ecology. Annual Review of Ento-

mology 43: 701–726.

Isolated females and limitedmales 47



Gray ME (2011a) Relevance of traditional integrated pest man-

agement (IPM) strategies for commercial corn producers in a

transgenic agroecosystem: a bygone era?. Journal of Agricul-

tural and Food Chemistry 59: 5852–5858.
Gray ME (2011b) Refuge confusion and compliance remain key

concerns for 2011. The Bulletin: Pest Management and Crop

Development Information for Illinois, Issue 1, Article 3.

[accessed March 25, 2011]. Available at http://bulletin.ipm.

illinois.edu/article.php?id=1446

Guss PL (1976) The sex pheromone of the western corn root-

worm (Diabrotica virgifera). Environmental Entomology 5:

219–223.
Hammack L (1995) Calling behavior in female western corn root-

worm beetles (Coleoptera: Chrysomelidae). Annals of the

Entomological Society of America 88: 562–569.
Hibbard BE, HigdonML, Duran DP, Schweikert YM& Ellersieck

MR (2004) Role of egg density on establishment and plant-

to-plant movement by western corn rootworm larvae (Coleo-

ptera: Chrysomelidae). Journal of Economic Entomology 95:

871–882.
Holm S (1979) A simple sequentially rejective multiple test proce-

dure. Scandinavian Journal of Statistics 6: 65–70.
Jaffe G (2009) Complacency on the Farm: Significant Noncom-

pliance with EPA’s Refuge Requirements Threatens the Future

Effectiveness of Genetically Engineered Pest-protected Corn.

Center for Science in the Public Interest, Washington, DC,

USA. [accessed November 2012]. Available at: www.cspinet.

org

Kang J & Krupke CH (2009a) Influence of weight of male and

female western corn rootworm, Diabrotica virgifera virgifera

LeConte, on mating behaviors. Annals of the Entomological

Society of America 102: 326–332.
Kang J & Krupke CH (2009b) Likelihood of multiple mating in

the male western corn rootworm, Diabrotica virgifera virgifera

LeConte. Environmental Entomology 102: 2096–2100.
Lefko SA, Nowatzki TM, Thompson SD, Binning RR, Pascual

MA et al. (2008) Characterizing laboratory colonies of western

corn rootworm (Coleoptera: Chrysomelidae) selected for sur-

vival on maize containing event DAS-59122-7. Journal of

Applied Entomology 132: 189–204.
Lew AC & Ball HJ (1980) Effect of copulation time on sperma-

tozoan transfer of Diabrotica virgifera (Coleoptera: Chryso-

melidae). Annals of the Entomological Society of America 73:

360–361.
Marquardt PT & Krupke CH (2009) Dispersal behavior of wes-

tern corn rootworms in Bt and refuge cornfield environments.

Environmental Entomology 38: 176–182.
Meihls LN, Higdon ML, Siegfried BD, Spencer TA, Miller NK

et al. (2008) Increased survival of western corn rootworm on

transgenic corn within three generations of on-plant green-

house selection. Proceedings of the National Academy of

Sciences of the USA 105: 19177–19182.
Meihls LN, Higdon ML, Ellersieck MR & Hibbard BE (2011)

Selection for resistance to mCry3A-expressing transgenic corn

in western corn rootworm. Journal of Economic Entomology

104: 1045–1054.

Murphy AF & Krupke CH (2011) Mating success and sper-

matophore composition in western corn rootworm (Cole-

optera: Chrysomelidae). Environmental Entomology 40:

1585–1594.
Murphy AF, Ginzel MD&Krupke CH (2010) Evaluating western

corn rootworm (Coleoptera: Chrysomelidae) emergence and

root damage in a seed mix refuge. Journal of Economic Ento-

mology 103: 147–157.
Murphy AF, Seiter NJ & Krupke CH (2011) The impact of Bt

maize as a natal host on adult head capsule width in field popu-

lations of western corn rootworm. Entomologia Experimental-

is et Applicata 139: 8–16.
Onstad DW (2006) Modeling larval survival and movement to

evaluate seedmixtures of transgenic corn for control of western

corn rootworm (Coleoptera: Chrysomelidae). Journal of Eco-

nomic Entomology 99: 1407–1414.
Onstad DW (2008) Insect Resistance Management: Biology,

Economics and Prediction. Academic Press, San Diego, CA,

USA.

Onstad DW, Mitchell PD, Hurley TM, Lundgren JG, Porter RP

et al. (2011) Seeds of change: corn seed mixtures for resistance

management and IPM. Journal of Economic Entomology 104:

343–352.
Pan Z, Onstad DW, Nowatzki TM, Stanley BH, Meinke LJ &

Flexner JL (2011) Western corn rootworm (Coleoptera:

Chrysomelidae) dispersal and adaptation to single-toxin trans-

genic corn. Environmental Entomology 40: 964–978.
Quiring DT & Timmins PR (1990) Influence of reproductive

ecology on feasibility of mass trapping Diabrotica virgifera vir-

gifera (Coleoptera: Chrysomelidae). Journal of Applied Ecol-

ogy 27: 965–982.
RhaindsM (2010) Femalemating failures in insects. Entomologia

Experimentalis et Applicata 136: 211–226.
Rice ME (2004) Transgenic rootworm corn: assessing potential

agronomic, economic, and environmental benefits. Online.

Plant Health Progress 1March 2004. DOI: 10.1094/PHP-2004-

0301-01-RV

Spencer JL, Mabry TR & Vaughn TT (2003) Use of transgenic

plants to measure insect herbivore movement. Journal of Eco-

nomic Entomology 96: 1738–1749.
Spencer JL, Mabry TR, Levine E & Isard SA (2005) Move-

ment, dispersal, and behavior of western corn rootworm

adults in rotated corn and soybean fields. Western Corn

Rootworm: Ecology and Management (ed. by S Vidal, U

Kuhlmann & CR Edwards), pp. 121–144. CABI Publish-

ing, Wallingford, UK.

Spencer JL, Hibbard BE, Moeser J & Onstad DW (2009) Behav-

iour and ecology of the western corn rootworm (Diabrotica

virgifera virgifera LeConte). Agricultural and Forest Entomol-

ogy 11: 9–27.
Storer NP (2003) A spatially explicit model simulating western

corn rootworm (Coleoptera: Chrysomelidae) adaptation to

insect-resistant maize. Journal of Economic Entomology 96:

1530–1547.
Storer NP, Babcock JM & Edwards JM (2006) Field measures of

western corn rootworm (Coleoptera: Chrysomelidae) mortal-

48 Spencer et al.



ity caused by Cry34/35Ab1 proteins expressed in maize event

59122 and implications for trait durability. Journal of Eco-

nomic Entomology 99: 1381–1387.
Sutter GR, Branson TF, Fisher JR, Elliott NC & Jackson JJ (1989)

Effect of insecticide treatments on root damage ratings of

maize in controlled infestations of western corn rootworms

(Coleoptera: Chrysomelidae). Journal of Economic Entomol-

ogy 82: 1792–1798.
Tabashnik BE (1994) Delaying insect adaptation to transgenic

plants: seed mixtures and refugia reconsidered. Proceedings of

the Royal Society of London B 255: 7–12.

USDA-ERS (United States Department of Agriculture-Economic

Research Service) (2012) Adoption of genetically engineered

crops in the U.S.: corn varieties. [accessed November 2012].

Available at http://www.ers.usda.gov/Data/BiotechCrops/

ExtentofAdoptionTable 1.htm

Vaughn T, Cavato T, Brar G, Coombe T, DeGooyer T et al.

(2005) A method of controlling corn rootworm feeding using

a Bacillus thuringiensis protein expressed in transgenic maize.

Crop Science 45: 931–938.

Isolated females and limitedmales 49


