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ABSTRACT Areawide pest management involves the uniform application of a pest control strategy
overwidegeographic areas. Therefore, theseprograms are likely to impose intense selectivepressures,
and the risk for resistancedevelopment amongpest species forwhich areawidemanagement programs
are implemented is likely tobehigh.Pilot studies for areawidemanagementofwesterncorn rootworm,
Diabrotica virgifera virgiferaLeConte, were conducted from 1996 to 2002 at four different sites across
the Corn Belt. This program used cucurbitacin baits to deliver high doses of a traditional neurotoxic
insecticide (carbaryl) to individual insects while reducing the overall rate of insecticide use. Because
of the concern and potential for resistance evolution, annual assessments of susceptibility to the active
ingredient carbaryl were conducted both within the managed area as well as from untreated control
areas. SigniÞcantly reduced susceptibility to carbaryl based on survival at a diagnostic concentration
was detected in three of the four management sites (Kansas, Iowa, and Illinois/Indiana), whereas
susceptibility of beetles collected outside the managed areas remained unchanged. Additionally,
signiÞcantly reduced responsiveness to cucurbitacin baits was observed in beetles collected from the
managed area relative to the control area at the same three sites. These results suggest strongly that
areawide management has the potential to select for resistance and that a strategy for managing
resistance and reducing selective pressure should be proactively implemented.
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THE AREAWIDE MANAGEMENT CONCEPT was developed by
various groups in the 1970s and 1980s (Pruess et al.
1974, Rummel 1976, Bottrell and Rummel 1978, Rabb
1978, Huber et al. 1979, Knipling 1980, Kunz et al.
1983) to control key pests (i.e., perennially occurring
species that in the absence of control tactics remain at
population levels aboveeconomic injury levels (Smith
and van den Bosch 1967). These key pests regularly
cause economic loss, and control programs in a given
commodity have historically relied on ecologically
disruptive pesticides applied on an annual basis. The
objective of areawidemanagement is to systematically
reduce a target pest belowa low residual level through
the use of uniformly applied control measures over
large deÞned geographic areas. The intent is not to
eradicate the pest but to achieve and maintain an
overall reduced general equilibrium density of the
pest population over a large area.

Pilot studies for areawide management of the west-
ern corn rootworm, Diabrotica virgifera virgifera Le-
Conte, were conducted from 1996 to 2002 at four
different sites across the Corn Belt. The primaryman-
agement tool in these programs exploited behavioral
adaptations of Diabrotica spp. to feeding stimulants
and arrestants to deliver high doses of a traditional
neurotoxic insecticide to individual insects (Comis
1997) while minimizing the overall rate of insecticide
use. Themanagement tool chosen for rootworm area-
wide programs consisted of a semiochemical bait for-
mulation (SLAM) containing a combination of adult
movement arrestants and feeding stimulants (multiple
forms of cucurbitacin) and the acetyl cholinesterase-
inhibiting toxicant carbaryl (Comis 1997).
The goal of resistance risk assessment is to predict

the potential rate and extent of resistance develop-
ment in response to use of a pesticide in a particular
environment (Tabashnik 1992). SpeciÞcally, resis-
tance risk assessment is the process of estimating the
relative inßuence of different factors on increasing
resistance genotype frequencies in pest populations
exposed to selective agents. Given the potential for
intense selection by using an areawide management
approach, the risk of resistance development for a
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given areawide management program would be ex-
pected to be high (Siegfried et al. 1998). This risk is
magniÞed for western corn rootworms when its pre-
vious history of resistance development is factored
into the assessment. Many examples exist of western
corn rootworm adaptation to uniform, large-scale ag-
ricultural practices. Resistance to soil-applied organo-
chlorine insecticides Þrst became apparent in the late
1950s and early 1960s (Ball andWeekman 1963). As a
result, producers in south central Nebraska began a
practice of aerial applications of insecticides to sup-
press beetle populations and subsequently manage
larval damage the following season (Meinke 1995).
Various studies demonstrated that adult corn root-
worm populations could be greatly reduced by aerial
applications of insecticides (Hill et al. 1948, Pruess et
al. 1974, Mayo 1976). These studies documented that
control of adult rootworms during ovipositional peri-
ods couldbeused toprevent economic loss from larval
feeding the following season. Extensive use of car-
bamateandorganophosphate insecticides inNebraska
during the 1970s to early 1990s provided good adult
and larval corn rootwormcontrol.However, reports of
insecticide control failures had become common by
1995, and resistance documentation for methyl-para-
thionwasconÞrmedbyMeinkeet al. (1998)andMiota
et al. (1998).
Given the history of resistance development by

western corn rootworms and the potential for area-
wide management to impose intense selective pres-
sures over large geographic areas, we initiated a mon-
itoring program to determine whether changes in
susceptibility had occurred during consecutive years
that the areawide program was practiced. Annual as-
sessments of susceptibility to the active ingredient of
the cucurbitacin bait formulation (carbaryl) were
conducted both within management areas as well as
from control areas outside the program. Susceptibility
was determined both with traditional concentration-
response assays as well as diagnostic concentration
assays validated with populations known to be resis-
tant to carbaryl (Scharf et al. 1999a). Biochemical
assays (Zhou et al. 2002) also were conducted to
determine potential changes in activity of speciÞc
detoxiÞcationenzymesknown to at least partially con-
tribute to carbaryl resistance (Scharf et al. 1999b).
Finally, at the end of the program, feeding behavior
assayswithcucurbitacinbaits (Parimiet al. 2003)were
conducted to determine whether responsiveness to
cucurbitacin baits had changed after exposure to the
bait formulation for consecutive years of the program.

Materials and Methods

Areawide Sites/Rootworm Collections. Areawide
management sites were located in Brookings County,
South Dakota; Republic County, Kansas; Clinton
County, Iowa; and on the Illinois-Indiana border, in-
cluding both Iroquois County, Illinois, and Newton
County, Indiana. Each site provided a different agro-
nomic/climatic environment. An annual cornÐsoy-
bean rotation was practiced on a high percentage of

hectares in the Illinois-Indiana site, whereas a higher
percentage of continuous corn production was com-
mon to theother sites.Cornwas irrigatedat theKansas
site, whereas crops were rain-fed at the other sites.
The Illinois-Indiana site was located where the west-
ern corn rootworm had adapted to crop rotation (i.e.,
western corn rootworm variant, Levine et al. 2002)
and adults were laying a signiÞcant number of eggs in
both corn and soybean, resulting in annual adult pro-
duction from Þrst year and continuous corn. Rotation
from corn to soybean was still an effective manage-
ment technique at the other areawide sites, sowestern
corn rootworms only developed in Þelds planted in
corn the previous year.
Each site included a 41.4-km2 (16-mi2) managed

area that consisted of a mosaic of corn and soybean
Þelds. In South Dakota, Kansas, and Iowa, semio-
chemical-based baits were annually applied to each
cornÞeld for adult western corn rootworm control if
adult densities exceeded the established threshold. In
the Illinois-Indiana site, baits were applied to individ-
ual corn and soybean Þelds if adult thresholds were
exceeded during 1997Ð1999, but in 2000Ð2001 the
managed area was divided into large blocks (multiple
Þelds) that were treated if one soybean Þeld in the
block exceeded threshold. Semiochemical-based baits
used during the pilot program were SLAM (buffalo
gourd, Cucurbita foetidissima H.B.K., root powder,
87%,with 13%carbaryl encapsulated in amicrosphere,
MicroFlo Inc., Memphis, TN) or (later in the pro-
gram) two adjuvant-based products, CideTrak (Trécé
Inc., Salinas, CA), and Invite EC (Florida Food Prod-
ucts Agrochemicals, Eustis, FL), each tankmixedwith
low rates of carbaryl. At each management site, spe-
ciÞc cornÞelds located adjacent or in proximity to the
managed area were designated as control Þelds. Con-
trol Þelds were representative of the agronomic and
rootworm management practices of the region sur-
rounding the managed areas and were not subjected
to adult management. The number and size of Þelds
designated as control Þelds varied by site.
From1997 to 2002, collections ofwestern corn root-

worm adults were annually made by cooperators at
each site frommultiple Þelds in both themanaged and
control areas. Collections were made from corn at all
sites. Additional collections also were made from soy-
bean at the Illinois-Indiana site. Managed area collec-
tions were made before baits were applied. Beetles
werepooledwithinmanagedorcontrol areas and then
shipped overnight to the University of Nebraska-Lin-
coln. Beetles also were annually collected from a spe-
ciÞc continuous cornÞeld in Saunders County, Ne-
braska, andYorkCounty,Nebraska, foruseas standard
carbaryl-susceptible and -resistant populations, re-
spectively. All beetleswere providedwith corn ears or
soybean leaves as food during transport to maintain
diet consistency with the crop they were collected
from. Beetles were maintained in plastic cages on the
appropriate corn or soybean diet at 22Ð25�C in the
laboratory for 24Ð48 h before use in bioassays.

Chemicals. Technical grade carbaryl (99.5% [AI])
was purchased from Chem Services Inc. (West Ches-
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ter, PA). All insecticide dilutions were prepared in
reagent grade acetone (�99.5% purity; EM ScientiÞc,
Gibbstown,NJ). Invite EC (80%principal functioning
agent) was obtained from Florida Food Products
Agrochemicals.

Bioassays. Carbaryl bioassays were conducted with
technical grade carbaryl by using a diagnostic con-
centration (5.0�g/ml) in 20-ml glass scintillation vials
that corresponded to the LC99 of a standard suscep-
tible population (Scharf et al. 1999a). Vials were
treatedwith500�l of insecticide solution(in acetone)
andwere driedby rolling in a fumehood. Tenunsexed
beetles were placed in each vial and held at 22�C in
darkness for 24 h after which mortality was recorded
as a lack of coordinated movement. Each test popu-
lation consisted of 10 carbaryl-treated and two ace-
tone-treated vials. Bioassays also were conducted us-
ing a range of carbaryl concentrations (0.625Ð20 �g/
ml) that produced between 0 and 100% mortality and
were replicated over 2 d.

Native Polyacrylamide Gel Electrophoresis
(PAGE). Native (nondenaturing) PAGE was con-
ducted on 8% resolving gels with 4% stacking gels and
a discontinuous Tris-glycine running buffer system.
Rootworm abdomens were placed into individual
wells of a 96-well ßat bottom microplate (353912
FALCON, BD Biosciences,, Franklin Lakes, NJ) con-
taining 100 �l of ice-cold 0.2 M sodium phosphate
homogenization buffer (pH 7.8, 0.1% Triton X-100).
Abdomens were homogenized by a combination of
vertical and circular movements of a 96-spoke inocu-
lating manifold (MC96, Dan-Kar, Reading, MA) for
30 s. Six microliters of abdominal homogenates was
mixed with 1.5 �l of loading buffer (Tris-glycine run-
ning buffer containing 20% sucrose and 0.05% xylene
cyanol) before loading onto the gels. Electrophoresis
wasconductedat 4�Cand120V for2.5Ð3h, afterwhich
gels were placed in 0.02 M sodium phosphate buffer
(pH 7.0) containing 20 mM �-naphthyl acetate in
acetone. After 5 min, esterase bands were visualized
by the addition of 1 ml of water containing 20 mg of
fast blue BN (tetrazotized O-dianisidine). The gels
were destained in gel drying solution, scored for the
presence of elevated “group II” esterase bands (Zhou
etal. 2002)anddried for storage.At least 30 individuals
were analyzed for each population.

FeedingBehaviorAssays.During the last year of the
areawide program, no-choice feeding assays were
conducted with adult rootworms from the managed
and control areas of each areawide site to evaluate
responsiveness to a cucurbitacin-based bait. A 10-fold
dilution of the Invite formulation was dispensed onto
a regenerated cellulosemembrane disk (0.45-�mpore
size, 13-mm2 diameter, Schleicher & Schuell, Keene,
NH) in a 20-�l droplet (Hollister and Mullin 1999,
Parimi et al. 2003). Air-dried disks were positioned on
minuten pins above moistened Whatman No. 2 Þlter
paper in petri dishes containing a parafÞn bottom.
Each treatment was replicated 10 times with four
beetles (two each of male and female) placed in each
petri dish and held at 22�C in total darkness. The
consumed disk areas were measured after 6 h of feed-

ing to thenearest 0.01 cm2byusing aLICOR-3000 area
meter (LICOR, Lincoln, NE). Ten disks were used to
calculate the mean disk area before feeding. Percent-
age of disk consumptionwas calculated by subtracting
the area consumed from the mean disk area.

Statistical Analysis. Lethal concentration data were
analyzed by probit analysis (Finney 1971) by using
POLO-PC (LeOra Software 1987). Changes in per-
centage of mortalities derived from diagnostic bioas-
says were regressed against time over the 6 yr that
bioassays were conducted. Feeding bioassay data
were analyzed with PROC GLM, which compared
differences inpercentagediskconsumptionbybeetles
between treatments. SigniÞcance of differences
among treatment means were determined using the
least signiÞcantdifference(LSD) test at� �0.05 (SAS
Institute 2001).

Results

Insecticide Bioassays. Results of bioassays (1997Ð
2002) to estimate susceptibility of the various area
wide collections to carbaryl are presented in Table 1.
The resistant population (Nebraska-R) used in this
study demonstrated consistently higher LC50 values
for carbaryl compared with the susceptible (Nebras-
ka-S) (resistance ratio varied from 2.1 to 5.7) (Table
1). The LC50 values of collections from Indiana/Illi-
nois-managed (Soybean), SD managed, and all the
untreated control areas remained consistent com-
pared with the susceptible population throughout the
study.However, reduced beetle susceptibilitywas ob-
served over time in the other managed areas during
the same period. SpeciÞcally, the LC50 of beetle col-
lections from managed areas in Iowa, Kansas, and
Indiana/Illinois corn increased 1.5- to1.8-fold from
1997 to 2002 (Table 1). Although these changes are
subtle, they do suggest a pattern of reduced suscep-
tibility associated with repeated exposure to carbaryl.

Diagnostic Bioassays. Percentage ofmortality at the
diagnostic carbaryl concentration of the collections
from Indiana/Illinois soybean, and Nebraska ÐS and
ÐR populations did not change during the 6-yr study
(Fig. 1D and F). The diagnostic mortalities of collec-
tions from control areas in Iowa, Kansas, and Indiana/
Illinois corn exhibited slight changes during the same
period, but the slopes of the regression curves were
not signiÞcantly different from zero (Fig. 1AÐC). In
contrast, percentage of mortality at the diagnostic
concentration of the collections from managed areas
in Iowa,Kansas, and Indiana/Illinois corn all exhibited
signiÞcant changes in susceptibility (Fig. 1AÐC). A con-
tinuous and consistent decrease in susceptibility ofman-
aged area collections from Kansas (91.7Ð78.4%), Iowa
(100Ð82%), and Indiana/Illinois corn (100Ð83.3%) oc-
curred between 1997 and 2002 based on diagnostic bio-
assays with carbaryl.

Native PAGE. Intense resistance-associated “group
II” esterase bands were consistently observed in the
Nebraska-R population throughout the study (Fig. 2).
Elevated resistance-associated esterase activity was
not observed in individuals from any areawide man-
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Table 1. Results of probit analysis of carbaryl toxicity as assessed by exposure to carbaryl residues after 24 h for collections of D.
virgifera virgifera adults from different areawide management sites

Collectiona nb �2
c

Slope (�SE)
LC50

(95% CI)d
LC90

(95% CI)d

1997
Nebraska-S 150 0.9 4.1 (0.8) 1.7 (1.30Ð2.02) 3.40 (2.72Ð5.13)
Nebraska-R 150 0.4 2.4 (0.4) 7.5 (5.83Ð9.84) 26.3 (17.8Ð54.8)
Iowa (M) 300 0.5 5.2 (0.6) 1.5 (1.40Ð1.71) 2.7 (2.41Ð3.28)
Iowa (C) 360 2.2* 2.5 (0.3) 2.1 (1.14Ð3.26) 6.9 (4.2Ð23.23)
Kansas (M) 420 1.7* 2.3 (0.2) 1.8 (1.28Ð2.34) 6.6 (4.43Ð12.90)
Kansas (C) 420 0.7 3.4 (0.3) 1.8 (1.62Ð2.08) 4.3 (3.62Ð5.38)
Ind./Ill. (CN-M) 300 2.7* 3.4 (0.4) 1.2 (0.60Ð1.82) 2.9 (1.88Ð9.04)
Ind./Ill. (CN-C) 300 1.1 3.3 (0.4) 1.2 (0.70Ð1.74) 2.9 (1.98Ð7.87)
Ind./Ill. (SO-M) 300 0.4 3.6 (0.5) 0.7 (0.63Ð0.82) 1.7 (1.37Ð2.16)
Ind./Ill. (SO-C) 240 2.1* 3.1 (0.6) 0.5 (0.46-) 1.3 (not calculated)
South Dakota (M) Analysis not performed
South Dakota (C) 240 2.7* 4.4 (0.6) 0.9 (0.48Ð1.43) 1.9 (1.33Ð5.96)

1998
Nebraska-S 360 1.1 2.8 (0.3) 1.37 (1.16Ð1.59) 3.93 (3.22Ð5.14)
Nebraska-R 360 3.2 1.7 (0.1) 2.83 (2.19Ð3.51) 15.9 (11.90Ð23.79)
Iowa (M) 100 1.0 3.0 (0.6) 1.39 (0.97Ð1.84) 3.69 (2.68Ð6.53)
Iowa (C) 100 1.8 2.9 (0.9) 1.33 (0.58Ð1.94) 3.64 (2.47Ð9.43)
Kansas (M) 240 16.8* 2.7 (0.3) 1.79 (0.79Ð3.26) 5.31 (2.98Ð30.83)
Kansas (C) 200 0.4 3.6 (0.4) 1.67 (1.41Ð1.96) 3.81 (3.10Ð5.13)
Ind./Ill. (CN-M) 200 2.7 3.0 (0.4) 1.00 (0.43Ð1.57) 2.67 (1.68Ð16.02)
Ind./Ill. (CN-C) 160 3.0* 2.7 (0.4) 1.07 (0.61Ð1.54) 3.24 (2.10Ð10.47)
Ind./Ill. (SO-M) 90 3.1* 4.3 (0.8) 0.75 (0.38Ð1.03) 2.36 (1.62Ð6.42)
Ind./Ill. (SO-C) 150 0.2 3.3 (1.1) 0.35 (0.09Ð0.51) 0.86 (0.67Ð1.25)
South Dakota (M) 250 7.3* 2.3 (0.3) 1.34 (0.59Ð2.19) 4.89 (2.82Ð25.0)
South Dakota (C) 200 1.1 3.4 (0.4) 1.10 (0.93Ð1.28) 2.66 (2.18Ð3.59)

1999
Nebraska-S 200 0.3 4.4 (1.2) 1.31 (0.92Ð1.85) 3.06 (2.14Ð5.33)
Nebraska-R 240 0.5 3.1 (0.7) 7.52 (5.42Ð10.4) 17.54 (12.35Ð30.9)
Iowa (M) 300 3.0 3.4 (0.4) 1.42 (1.23Ð1.64) 3.38 (2.85Ð4.17)
Iowa (C) 300 0.3 3.5 (0.4) 1.52 (1.32Ð1.76) 3.61 (3.04Ð4.46)
Kansas (M) 350 3.6* 3.0 (0.3) 1.57 (1.12Ð2.16) 3.62 (2.58Ð6.16)
Kansas (C) 250 8.0* 5.0 (0.4) 1.24 (0.88Ð1.75) 2.87 (2.01Ð4.98)
Ind./Ill. (CN-M) 250 0.1 3.2 (0.5) 0.64 (0.52Ð0.77) 1.40 (1.15Ð1.76)
Ind./Ill. (CN-C) 250 2.2* 3.2 (0.4) 0.58 (0.49Ð0.68) 1.27 (1.07Ð1.57)
Ind./Ill. (SO-M) 250 0.7 4.9 (0.7) 0.41 (0.34Ð0.49) 0.90 (0.75Ð1.10)
Ind./Ill. (SO-C) 250 0.1 4.8 (0.7) 0.46 (0.39Ð0.55) 1.02 (0.84Ð1.26)
South Dakota (M) 250 3.5* 5.8 (0.7) 1.29 (1.00Ð1.64) 3.12 (2.38Ð4.42)
South Dakota (C) 60 1.0 2.7 (0.6) 1.10 (0.58Ð1.57) 2.30 (1.40Ð4.11)

2000
Nebraska-S 300 2.20 4.1(0.48) 1.32 (1.15Ð1.50) 2.68 (2.25Ð3.42)
Nebraska-R 240 5.21 2.6 (0.30) 4.52 (3.35Ð6.08) 14.22 (9.80Ð26.0)
Iowa (M) 296 7.60* 2.3 (0.25) 2.20 (1.50Ð3.20) 7.96 (5.00Ð20.2)
Iowa (C) 300 7.75* 2.4 (0.25) 2.10 (1.40Ð3.00) 7.24 (4.60Ð17.6)
Kansas (M) 353 2.56 2.5 (0.25) 1.85 (1.53Ð2.40) 6.22 (4.90Ð8.57)
Kansas (C) 351 3.19 3.1 (0.36) 1.23 (1.00Ð1.43) 3.18 (2.60Ð4.22)
Ind./Ill. (CN-M) 300 0.58 2.5 (0.30) 1.47 (1.15Ð1.81) 4.86 (3.78Ð6.94)
Ind./Ill. (CN-C) 300 1.46 3.1 (0.37) 1.18 (0.99Ð1.38) 3.07 (2.50Ð4.13)
South Dakota (M) 294 13.7* 2.5 (0.28) 1.36 (0.86Ð2.02) 3.83 (2.52Ð7.84)
South Dakota (C) 299 1.81 3.5 (0.44) 1.00 (0.60Ð1.53) 2.72 (1.84Ð5.67)

2001
Nebraska-S 350 1.00 2.9 (0.28) 1.36 (1.16Ð1.59) 4.46 (3.47Ð5.81)
Nebraska-R 320 2.82 1.8 (0.18) 7.37 (6.01Ð9.59) 24.24 (18.6Ð32.0)
Iowa (M) 350 10.5* 2.9 (0.29) 1.72 (1.12Ð2.57) 5.64 (4.34Ð7.35)
Iowa (C) 350 1.47 2.9 (0.31) 1.50 (1.29Ð1.80) 4.90 (3.80Ð6.40)
Kansas (M) 350 2.57 1.9 (0.20) 1.90 (1.40Ð2.19) 6.26 (4.92Ð8.08)
Kansas (C) 350 0.95 2.3 (0.25) 1.47 (1.15Ð1.73) 4.82 (3.75Ð6.27)
Ind./Ill. (CN-M) 300 4.13* 1.9 (0.24) 1.99 (1.18Ð2.92) 6.53 (5.10Ð8.50)
Ind./Ill. (CN-C) 300 1.33 2.0 (0.25) 1.35 (0.95Ð1.56) 4.44 (3.45Ð5.77)
South Dakota (M) 300 1.97 3.4 (0.37) 1.36 (1.22Ð1.66) 4.48 (3.45Ð5.88)
South Dakota (C) 360 1.72 2.2 (0.28) 0.84 (0.57Ð0.98) 2.77 (2.16Ð3.57)

2002
Nebraska-S 280 1.46 2.8 (0.30) 1.43 (1.16Ð1.76) 4.76 (3.83Ð5.98)
Nebraska-R 320 1.12 2.2 (0.22) 6.00 (4.92Ð7.35) 19.96 (16.1Ð25.0)
Iowa (M) 350 2.10 2.1 (0.21) 2.36 (1.96Ð2.82) 7.82 (6.45Ð9.59)
Iowa (C) 280 0.59 2.6 (0.39) 0.88 (0.70Ð1.15) 2.93 (2.32Ð3.74)
Kansas (M) 400 5.21* 2.0 (0.18) 2.73 (2.28Ð3.26) 9.05 (7.50Ð11.1)
Kansas (C) 240 1.91 3.0 (0.42) 1.02 (0.81Ð1.28) 3.34 (2.67Ð4.27)
Ind./Ill. (CN-M) 240 3.93* 2.6 (0.31) 1.82 (1.47Ð2.25) 6.04 (4.85Ð7.62)
Ind./Ill. (CN-C) 240 0.45 2.9 (0.37) 1.33 (1.07Ð1.66) 4.42 (3.53Ð5.59)
South Dakota (M) 300 0.96 3.1 (0.35) 1.27 (1.04Ð1.55) 4.22 (3.43Ð5.23)
South Dakota (C) 300 0.15 3.0 (0.39) 1.00 (0.81Ð1.23) 3.32 (2.68Ð4.14)

a Each collection provided from the four management areas: C, control area, larval control with soil insecticides; M, managed area, adult
control with semiochemical baits. Nebraska-S and -R are carbaryl-susceptible and carbaryl-resistant reference populations, respectively, that
were collected annually from speciÞc Þelds inNebraska. All collections inNebraska, Iowa,Kansas, and SouthDakota fromcorn; Indiana/Illinois
collections from corn (CN) and soybean (SO) from 1997 to 1999.

b The total number of insects used in each bioassay.
c �2 goodness-of-Þt statistics as determined using POLO-PC software (LeOra Software 1987). Degrees of freedom ranged from 2 to 4, and

numbers followed by an * indicate departures from an expected model based on heterogeneity factors �1.0 (i.e., �2/df � 1.0).
d Lethal concentrations of carbaryl (micrograms per milliliter) with 95% CI at the 50% (LC50) and 90% (LC90) levels of probit mortality.
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agement sites in 1999, except for the managed area
collection from South Dakota (Fig. 2). However, in
one ormore years during 2000Ð2002, some individuals
exhibited elevated esterase activity in all collection
areas except Iowa control, SD managed and control,
and Indiana/Illinois soybean managed and control.

Feeding Behavior Assays. The Invite formulation
tested in feeding assays signiÞcantly stimulated disc
consumption by adults from all collection areas tested
(Fig. 3).However, themean consumption of cellulose
membrane disks treated with Invite was signiÞcantly
reduced (10Ð20%) in individuals from the managed
areas relative to the control areas in three of the four
management sites (Kansas, Iowa, and Illinois/Indi-
ana).

Discussion

The collective results of this investigation suggest
that D. v. virgifera has the potential to evolve behav-
ioral and physiological resistance to the insecticidal
baits used in areawide management pilot programs.
More speciÞcally, these results indicate that signiÞ-
cant changes in susceptibility occurred in three of the
four areawide management sites, based on reduced
mortality of rootworm adults at a diagnostic carbaryl
concentration. The results from concentrationÐre-
sponse assays (i.e., LC50 and LC90) also show a gen-
erally reduced susceptibility of rootworm populations
exposed to areawidemanagement programs, although
the differences were not as large as observed in diag-

Fig. 1. Mortality of adult western corn rootworms from areawide management programs collected from the control and
managed areas at a diagnostic carbaryl concentration. Data collected from 6 yr of the pilot program. AÐF correspond to
management sites except for the Nebraska (F) Þgure, which presents data from the reference-susceptible and -resistant
populations.
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nostic bioassays. Additionally, the percentage of indi-
vidual beetles exhibiting elevated group II esterases as
determined by native PAGE was consistently higher
among beetles collected from treated areas, especially
during the last 3 yr of the program.
It should be noted that beetles collected fromman-

aged areas of the South Dakota site and the Indiana/
Illinois soybean sitedidnot exhibit changes in carbaryl
susceptibility. In the case of beetles collected from
soybean Þelds from Indiana/Illinois, rootworm adults
that consume soybean foliage are generally less Þt

than beetles consuming corn tissues (OÕNeal et al.
2002) such that differences in carbaryl susceptibility
may have been masked by the effects of soybean
foliage consumption. The uniqueness of the South
Dakota site may have contributed to the results ob-
tained in this study. A preponderance of the South
Dakota Þelds were rotated annually (�75% cornÐsoy-
bean rotation), increasing densities of extended dia-
pause populations of the northern corn rootworm,
Diabrotica barberi Smith & Lawrence, were present,
and the western corn rootworm variant adapted to

Fig. 2. Percentageof individuals (n�30)exhibitingelevatedgroup II esterases in individual rootwormhomogenates from
different areawide sites and the carbaryl-susceptible and -resistant populations fromNebraska. SeeMaterials and Methods for
details regarding the managed and control areas.

Fig. 3. Percentage of cucurbitacin-treated discs consumed by western corn rootworm adults collected from areawide
management sites in themanagedandcontrol areas.* indicates signiÞcantdifference(P�0.05)betweenmanagedandcontrol
areas. See Materials and Methods for details regarding the managed and control areas.
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corn rotation was absent (L.D.C., unpublished data).
Another key factor was that the overall density of
western corn rootworms dramatically declined at the
site during the 6-yr study (L.D.C., unpublished data).
The number of bait applications annually applied was
fairly consistent during the 6-yr study and therefore
general selection intensity was apparently consistent
throughout. Moreover, cucurbitacin-based carbaryl
baits had been used at this site for a number of years
before use at the other three sites. However, because
the annual number of continuous cornÞelds at the site
was low (primary producer of western corn root-
worm) and the proportion that received bait applica-
tions also was relatively low (average 41% 1997Ð2000;
L.D.C., unpublished data), the majority of bait appli-
cationswasmade to Þrst year cornÞelds tomanage the
northern corn rootworm. Therefore, data suggest that
a complex interaction of crop rotation and annual bait
applications to only a subset of continuous cornÞelds
may have effectively reducedwestern corn rootworm
density without signiÞcantly changing the carbaryl
susceptibility level of thewestern corn rootwormpop-
ulation.
In contrast to the changes in adult susceptibility

observed within the managed areas of three sites, no
signiÞcant changes were observed in collections ob-
tained from the control areas where there was no
exposure to the insecticidal bait. A parallel study con-
ducted within the Kansas site also documented that a
signiÞcant shift in adult susceptibility occurred be-
tween managed and control areas during the Þrst 3 yr
of the pilot program (Zhu et al. 2001). Differences in
susceptibility of beetles collected from within and
outside themanagedareas suggest that rootwormpop-
ulations respond rapidly to localized selection. Given
that large differences in susceptibility to organophos-
phate insecticides among rootworm populations have
been observed over relatively small geographic dis-
tances in Nebraska (Zhou et al. 2002), it seems that
rootwormpopulations can respond to selection locally
rather than over large geographic areas. It is clear that
resistance genes do move among rootworm popula-
tions based on the documented spread of cyclodiene
resistance in the early 1960s (Metcalf 1983) and more
recently, the spread of methyl-parathion resistance
amongNebraska populations (Zhouet al. 2002).How-
ever, at least during the initial stages of development,
resistance seems to be more localized.
SigniÞcant differences in the responsiveness to the

cucurbitacin-containing adjuvant Invite also were ob-
served among collections from three managed areas
relative to the control areas, suggesting that genes
encoding bothphysiological andbehavioral resistance
factors were being co-selected in individuals from
managed areas. Because baseline responsiveness data
before initiation of the areawide management pro-
gram is not available, the extent of natural variation in
D. v. virgifera response to cucurbitacins within and
among sites is unknown. Genetic variation in adult
responsiveness to cucurbitacin B has been docu-
mented across widely separated geographic areas
(Tallamyet al. 1997), but the relatively small distances

separatingmanaged andcontrol areaswithin sites, and
the consistency of the feeding bioassay results over
threedifferentenvironments suggest that selection for
changes inbehavioral response tocucurbitacinmaybe
possible at small spatial scales. It should be noted that
the cucurbitacin source used in behavioral assays [i.e.,
Invite, cucurbitacins derived from a bitter mutant of
wild Hawkesbury watermelon, Citrullus lanatus
(Thumb.)] was different from that used in aerial ap-
plications in the managed areas (i.e., SLAM, cucur-
bitacins derived from buffalo gourd, Cucurbita foe-
tidissima H.B.K.) during most years of the program.
Even though the proÞle of speciÞc cucurbitacins that
is present in each formulation differs, a large propor-
tion of each proÞle is cucurbitacin E-glycoside (Met-
calf andMetcalf 1992,Martin et al. 2002).Wehave not
tested the level of resistance to the combination of
insecticide and cucurbitacin, but it is possible that the
combination of reduced susceptibility to carbaryl and
reduced responsiveness to cucurbitacin could interact
in an additive or synergistic way to dramatically re-
duce the efÞcacy of the insecticide/bait mixture.
It has previously been suggested that the strategy of

combining contact insecticides with feeding stimu-
lants might provide a multiple attack approach to
prevent or at least delay resistance evolution (Sieg-
fried et al. 1998). However, the results of the present
investigations show decreases in both carbaryl sus-
ceptibility and cucurbitacin response among root-
worm populations associated with the areawide man-
agement program. This clearly indicates that
continued use of the insecticidal bait technology
could eventually lead to control failures. These results
suggest that if an areawide approach to rootworm
management becomes widely practiced, alternative
technologies (e.g., diversity of cucurbitacin attract-
ants, alternative active ingredients, crop rotation, and
transgenics) shouldbe incorporated into theprogram.
The use of multiple control tactics in a manner con-
sistent with widely accepted resistance management
theory and practice should serve to reduce selective
pressures and sustain the areawide management con-
cept.
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