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ABSTRACT Tart cherry, Prunus cerasus L. variety Montmorency, fruit were infested with plum
curculio,Conotrachelus nenuphar(Herbst) (Coleoptera: Curculionidae), and treated with insecticides
to target late instars, neonates, and eggs. The organophosphates azinphos-methyl and phosmet and the
neonicotinoid thiamethoxam reduced larval emergence rates by �90% for all life stage targets; after
�30 d, few surviving larvae were found inside fruit. Acetamiprid and thiacloprid also had curative
activity and yielded �75% reductions in emergence and few surviving larvae in the fruit after �30 d.
The juvenile hormone analog pyriproxyfen reduced larval emergence, but 66% of fruit that was treated
to target late-instars still had live larvae inside of them after �30 d. Novaluron, chlorantraniliprole,
and esfenvalerate had no curative activity. Indoxacarb had limited curative activity, and all targeted
life stages had larval emergence. Internal and external residues were analyzed and are discussed in
relation to their penetration and curative potential. The curative activity of azinphos-methyl has
played an important role in meeting federal standards for infestation-free tart cherries at processing.
Regulatory changes are eliminating the use of this compound, and new integrated pest management
programs for plum curculio will need to address the loss of azinphos-methylÕs curative activity.
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Plum curculio,Conotrachelus nenuphar (Herbst) (Co-
leoptera: Curculionidae) is a major pest of commercial
tree fruit in eastern North America. Northern strain
adults emerge from overwintering before fruit set,
mate, andbeginpreferentiallyovipositing inpomeand
stone fruit as soon as the fruit begin expanding
(Laßeur and Hill 1987, Racette et al. 1992, Hoffmann
et al. 2004, Leskey and Wright 2007). The oviposition
period is 4Ð8 wk (Reissig et al. 1998), and eggs and
instars are simultaneously present in an orchard. Plum
curculio larvae take �3 wk to complete development
after eggs are laid (Smith 1957, Lan et al. 2004) and
drop to the soil to pupate. The speciÞc developmental
thresholds and degree-day requirements for southern
strain plum curculio combined egg and larval devel-
opment are 215.5 degree-days (DD), base 11.1�C
(DD11.1�C) (Lan et al. 2004). Development time for
egg hatch is estimated to be 3 d at 80�F for southern
strain beetles (Smith 1957).

Processed tart cherries, Prunus cerasusL., are under
strict regulatory guidelines for infestation-free fruit at
harvest (USDA Agricultural Marketing Service
1941a,b). Tart cherries are a valuable U.S. specialty

crop, with $50Ð80 million in national production value
(NASS 2008). More than 75% of this production value
comes from eastern states with economically impor-
tant plum curculio populations. In most settings, this
weevil has been managed by adult-targeted foliar or-
ganophosphate sprays since the 1950s (azinphos-
methyl and phosmet) (Forsythe and Rings 1965, Smith
and Fiori 1959). These compounds provide excellent
fruit protection in tart cherries and other tree fruits,
with low levels of resultant surface damage and ovi-
position scarring.

Many agricultural uses of organophosphates such as
chlorpyrifos and methyl parathion, have been phased
out as a result of the Food Quality and Protection Act
of 1996 (U.S. Government 1996). The current regu-
latory framework has set 2012 as the Þnal phaseout
date for remaining azinphos-methyl uses (U.S. EPA
2006). Phosmet still Þts a plum curculio management
program in tart cherries as a result of updates to la-
beled reentry intervals and preharvest intervals, but
future reviews may limit its use in tart cherry produc-
tion. Phosmet cannot be used in sweet cherries be-
cause of phytotoxicity risks.

In the absence of organophosphates, the near-term
chemical controls for plum curculio control are likely
to come from compounds in the neonicotinoid, ox-
adiazine, pyrethroid, and insect growth regulator
(IGR)classes.Manyof thesecompoundscarryanEPA
designation of “reduced risk” or “OP replacement” and
show Þeld efÞcacy against plum curculio (Wise et al.
2008). However, these compounds are different in
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terms of mode of action and pest spectrum than the
organophosphates.

Reduced oviposition injury is a common indicator
for the level of curculio control, but it may not be the
only effective management endpoint for processed
cherries. Curative (or “eradicant”) activity against in-
ternally feeding larval fruit pests was noted in the
1950s, when the chlorinated hydrocarbons and early
organophosphates were being intensely evaluated as
replacements for arsenic-based insecticides. Sprays of
dieldrin, parathion, or EPN killed cherry fruit ßy,
Rhagoletis cingulata (Loew), maggots inside of host
fruit (Sherman 1951, Cox 1952, Frick and Simkover
1953) and parathion, EPN, dieldrin, and benzene
hexachloride (BHC, or hexachlorohexane-HCH) re-
duced larval plum curculio emergence after applica-
tion to infested prunes (Cox 1949, 1951, Smith et al.
1956). Similar results were seen in peaches (Prunus
spp.); BHC and parathion were effective curative
agents for plum curculio (Driggers and Darley 1949,
Bobb 1950, Driggers 1950); codling moth, Cydia
pomonella (L.); and oriental fruit moth, Grapholita
molesta (Busck) (Driggers 1950). Neonicotinoids
have demonstrated curative activity against larval
plum curculio in apples (Malus spp.) (Wise et al. 2007)
and cherry fruit ßy (Yee and Alston 2006, Yee 2008).

This report describes the Þeld efÞcacy and residue
proÞles of several crop protection compounds used as
curative agents against plum curculio in tart cherries.
The general classes assessed were the organophos-
phates, neonicotinoids, oxadiazines, pyrethroids, ju-
venile hormone analogs, chitin synthesis inhibitors,
and anthranilic diamides. Targeted life stages were
eggs, neonates, and late instars present in the cherry
fruit on the tree.

Materials and Methods

Study Location and Plant Material. Caged Þeld tri-
als in 2006 were conducted at the Michigan State
University (MSU) Trevor Nichols Research Complex
(TNRC) in Fennville, MI. In 2007, trials were con-
ducted at the MSU Clarksville Horticultural Experi-
ment Station (CHES) in Clarksville, MI, and the MSU
Northwest Horticultural Research Station (NWHRS)

in Traverse City, MI. At each of these research sta-
tions, limb sleeve trials were conducted on ÔMont-
morencyÕ tart cherry trees that had been bearing for
at least 5 yr.
Insect Material. For all study periods, northern

strain plum curculio were collected from cherry and
apple orchards at the TNRC by using commercially
available pyramid traps (Tedders and Wood 1994) or
by jarring limbs over tarps. Collections were made in
April and May during warm evenings (�10�C) with
calm winds. Beetles were held together for 1 wk after
Þeld collection to ensure that females were mated,
sexed according to Thomson (1932) and placed into
gender-separate screen cages (model 1450 B, BioQuip
Products Inc., Gardena, CA). Cages were kept outside
in a shaded enclosure to keep the beetles synchro-
nized with the orchard phenology. Beetles were pro-
vided untreated cherry fruit and foliage in wetted
ßoral foam (OASIS Smithers-Oasis Co., Kent, OH) for
food. Plant material in cages was replaced every 2 to
3 d, and water was added daily. Females were given
only water and cherry foliage for 24 h before being
placed on trees in sleeve cages.
Chemical Treatments. Formulated compounds

were prepared in 500-ml batches at concentrations
equivalent to labeled Þeld application rates (935 li-
ters/ha, 100 gal/acre carrier volume) (Table 1) and
placed in 500-ml spray bottles (ProSafe, Bridgeton
MO) immediately before spraying in the Þeld. The
surfactant Latron B-1956 (Loveland Industries, Inc.,
Greeley CO) was added to all sprays (including the
water-only control) at 0.125 ml/liter spray volume.
Fruit and foliage were sprayed to drip (�150 ml/
branch).
General Field Methods. Branches with �50 fruit

were ßagged before each study, and damaged fruit
(feeding or oviposition) were removed. Sleeve cages
(53.3 cm in diameter, 91.4 cm in length) made of
polyester netting (0.8-mm mesh mosquito netting,
American Home & Habitat Inc., Squires, MO) were
placed around the branch mated female plum curculio
were introduced in the cages to oviposit. The cages
hadadrawstringononeend toclose tightly around the
proximal end of the tree branch; the distal end was
closed with large binder clips (ACCO brands, ACCO,

Table 1. Formulated compounds and concentrations used for curative sprays

Formulated
name

Chemical class Active ingredient
Rate per

acre
g (AI)/ha Company

Guthion 50WP Organophosphate Azinphos-Methyl 2 lb 1120 Bayer CropScience, Triangle Park, NC
Imidan 70W Organophosphate Phosmet 2.5 lb 1967 Gowan Company, Yuma, AZ
Actara 25WG Neonicotinoid Thiamethoxam 4.5 oz 79 Syngenta Crop Protection, Inc., Greensboro,

NC
Calypso 4F Neonicotinoid Thiacloprid 4.5 ß oz 158 Bayer CropScience, Triangle Park, NC
Assail 70WP Neonicotinoid Acetamiprid 3.4 oz 167 Cerexagri-Nisso LCC, King of Prussia, PA
Avaunt 30WG Oxadiazine Indoxacarb 6 oz 126 I.E. du Pont De Nemours and Co.,

Wilmington, DE
Asana 0.66EC Pyrethroid Esfenvalerate 12.8 ß oz 74 I.E. du Pont De Nemours and Co.
Rimon 0.83EC Benzoylphenyl urea Novaluron 20 ß oz 145 Makhteshim Agan of North America, Inc., NY
Esteem 35WP Juvenile Hormone Mimic Pyriproxyfen 5 oz 122 Valent U.S.A. Corp.
Altacor 35WG Anthranilic diamide Chlorantraniliprole 5 oz 122 I.E. du Pont De Nemours and Co.

All preparations were based on 935 liters/ha spray volume (100 gal/acre).
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Lincolnshire, IL). Females were removed after their
oviposition period, and sleeve cages remained sealed
on the branches to prevent additional damage. Female
recovery exceeded 90% for all trials.

Each sleeve cage was considered an experimental
replicate, and treatments were randomly assigned to
branches within a study. Treatments were randomly
assigned to branches. There were instances of a single
tree having up to four sleeve cages on it, but they were
far enough apart that drift from the treatment was not
an issue.

At least three additional untreated sentinel
branches were set up for each study and monitored
daily to determine when the proper developmental
stages had been reached for treatment and Þnal har-
vest. After treatments were applied, fruit were left on
the tree until untreated larvae had nearly completed
their development, as determined by daily checks of
sentinel plants. Before larval emergence in the Þeld,
fruit in the sleeve cages was harvested and brought
into the laboratory. The number of stings on damaged
fruit was counted, and each damaged cherry was
placed in a 26.9-ml cup with a perforated lid for ven-
tilation. Rearing cups were observed twice daily for
larval emergence, and emerged larvae were weighed
on a Mettler AE 50 analytical balance (Mettler-To-
ledo, Inc., Columbus OH). Unemerged larvae were
recovered from cherries �5 wk after oviposition. In
2006, live larvae from dissected cherries were weighed
and in 2007 they were measured (length) with a ruler.
Dates for oviposition periods, insecticide sprays, har-
vest, and dissection of fruit for unemerged larvae are
shown in Table 2.
Experimental Design. 2006 TNRC Trials. Treat-

ments were applied at the TNRC orchard to target
late-instar, neonate, and eggs stages. All three life stage
targets were assessed with three replicates each of six
treatments and a control. The treatments were azin-
phos-methyl, thiamethoxam, thiacloprid, indoxacarb,
pyriproxyfen, novaluron, and a water plus Latron
B-1956 control.

Six females were placed in each sleeve cage for
treatments targeting second and third instars, and
cherrieswere9Ð11mmandgreen.Seven femaleswere
placed in each sleeve cage for treatments targeting
neonates, and cherries were 10Ð13 mm and green.
Four females were placed into each sleeve cage for the
egg target trial. Cherries for this study were 12Ð15 mm
and starting to color.
2007CHESandNWHRSTrials. All 2007 sprays were

targeted at neonates and cherries were 10Ð13 mm and

green at during oviposition. Six females were placed in
each sleeve cage at both sites. At CHES, there were
Þve replicates of acetamiprid, four replicates of esf-
envalerate, and seven control branches. At NWHRS,
there were four replicates of chlorantraniliprole, three
replicates of acetamiprid, three of esfenvalerate, four
replicates of phosmet, and four control branches.
Residue Methods. Undamaged fruit were collected

from sprayed branches 24 h after chemical application
and frozen for residue analysis. Fruit from 2006 were
dissected in a �20�C cold room to separate the skin,
outer 1-mm layer of ßesh and inner 1-mm layer of ßesh
to the pit. Frozen fruit were cut in half with a razor
blade, and a 2-mm cork borer was used to cut cores
from the inside of the cherry out through the skin.
Flesh sections were cut with a razor blade. Approxi-
mately 0.5 g of material from four to Þve fruit was
dissected for each section for each treatment com-
pound. After sectioning, samples were held in 10 ml of
dichloromethane at �20�C until laboratory workup.

The fruit residues for 2007 were analyzed as surface
versus subsurface fractions by using a sonication and
homogenization technique (Wise et al. 2007). After
fruit were collected and frozen, they were weighed
(�10 g per sample) and sonicated for 30 s in 60 ml of
acetonitrile. This material was collected and another
25-ml volume of acetonitrile was used to rinse the vial.
The remaining fruit was placed into 60 ml of dichlo-
romethane; both the acetonitrile and dichlorometh-
ane fractions were stored at �20�C until laboratory
workup.

Dichloromethane and fruit samples were homoge-
nized (model Pro200, ProscientiÞc Inc., Monroe, CT),
rinsed with dichloromethane (3 by 20 ml) and run
through a sodium sulfate column to remove water. The
column was rinsed with two volumes of 20 ml of
dichloromethane. The collected dichloromethane was
reduced to a 2-ml volume placed in a 2.5-ml gas chro-
matography vial. Acetonitrile fractions were also
passed through sodium sulfate and reduced to 2 ml by
rotary evaporation.

Thiamethoxam and thiacloprid residues were de-
termined using a 2690 Separator Module high-perfor-
mance liquid chromatograph, with a 2487 dual-wave-
length absorbance detector (Waters, Milford, MA).
The column was a C18 reversed-phase column with
4.6-mm bore and 5-mm particle size. Flow rates were
set at 1 ml/min. For thiamethoxam, the mobile phase
started at 90:10 water:acetic acid (0.1%) in acetonitrile
and reduced to 70:30 between 12 and 13 min at 35�C.
The detector for thiamethoxam was set at 255 nm. For

Table 2. Dates of oviposition, insecticide application, harvest, and larval recovery for treatments targeting plum curculio infesting
stages in tart cherries

Date Target Oviposition period
Spray date
(DD10�C after oviposition)

Harvest
Larval
recovery

2006 TNRC Second/third instar 1Ð3 June 19 June (137 DD10�C) 22 June 6 July
Neonate 13Ð15 June 19 June (56.7 DD10�C) 30 June 20 July
Egg 23Ð26 June 26 June (7.8 DD10�C) 10 July 26 July

2007 CHES Neonate 20 May 6 June (53.3 DD10�C) 15 June 24 July
2007 NWHRS Neonate 7 June 12 June (54.4 DD10�C) 20 June 26 July
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thiacloprid, the mobile phase started as a 30:70 ratio of
0.4 ml of HCl (35%) in water:acetonitrile and was
ramped to 25:75 at 4 min and 10:90 between 4 and 9
min. The mobile phase was brought back to 30:70 at 13
min. The detector was set at 242 nm for thiacloprid.

Gas chromatography was used for azinphos-methyl,
phosmet, acetamiprid, indoxacarb, novaluron, pyri-
proxyfen, chlorantraniliprole, and esfenvalerate. The
equipment used was an 6890 gas chromatograph with
a 5973N mass spectra detector (Agilent Technologies,
Santa Clara, CA). The column was a Zebron ZB-5ms
30 m, 0.25 mm i.d. with 0.25-�m Þlm thickness. The
oven temperature program was 5 min at 115�C, ramp
of 9�C/min to 280�C, and ramp of 30�C/ min to 310�C.
The inlet was kept in pulsed splitless mode at 200�C,
with 78324 Pa and a pulse pressure of 103,421 Pa. The
purge ßow (helium) was 50 ml/min. The mass detec-
tor was set to scan at a minimum of 28 d up to the
maximum molecular mass of the molecule of interest.

Areas under the chromatographic curve for the
compounds of interest were integrated. Standard
curves and initial sample masses were used to deter-
mine ppm recoveries (micrograms of analyte per gram
of sample).
Statistical Analyses. Each life stage target was ana-

lyzed as a separate experiment, three in 2006 and two
different neonate targets in 2007. Analyses were per-
formed on 1) oviposition stings per sleeve cage, 2)
oviposition stings per cherry, 3) proportion of larvae
emerged, 4) proportion of larvae remaining in the
cherry, 5) emerged larval mass, 6) mass of recovered
larvae (2006), and 7) recovered larval length (2007).
Emergence proportions were arcsine-square root
transformed and analyzed using PROC GLM in SAS
(SAS Institute 2006). Mean masses or lengths per rep-
licate were analyzed using PROC GLM. TukeyÕs hon-
estly signiÞcant difference (HSD) adjustment was
used for multiple comparisons.

Results

2006 TNRC Trials. Late Instar Target. The number
of damaged cherries per limb cage ranged from 42 to
93, but there was no signiÞcant difference in the num-
ber of stings per sleeve cage (81.1 � 3.48 SEM) or
stings per damaged cherry (1.37 � 0.04 SEM) between
the treatment branches.

The untreated control had 80.7% larval emergence
on a per-cherry basis. Cherries treated with novaluron
showed no difference in total larval emergence rate
relative to the controls, but all other treatments had
signiÞcantly lower emergence rates (F � 38.69; df �
6, 14; P� 0.0001) (Fig. 1A). For these effective treat-
ments, average emergence rates were under 20% for
indoxacarb, and under 5% for the remaining chemical
treatments. Only two larvae emerged from 195 azin-
phos-methylÐtreated cherries. Larvae emerging from
the thiamethoxam and azinphos-methyl treatments
were signiÞcantly lighter than those emerging from
other treatments (F � 4.72; df � 6, 9; P � 0.0191).

When cherries were dissected, 66% of the pyri-
proxyfen-treated cherries still had live larvae inside of
them. This internal infestation rate was signiÞcantly
greater than that of the controls (7.5 � 3.8%) and all
of the other treatments (F � 13.08; df � 6, 14; P �
0.0001). None of the live-larvae infestation rates for
the other treatments were different from the un-
treated control. Live larvae that were still inside of the
pyriproxyfen-treated cherries were signiÞcantly
heavier (F � 4.96; df. � 6, 9; P � 0.0212) than those
from thiamethoxam treatments; other treatments
were not different from either pyriproxyfen or thia-
methoxam (Fig. 1D). Dead larvae were found inside
of some cherries. Thiamethoxam-treated cherries
yielded 100 dead larvae from 221 fruit. These larvae
were dry, dark colored, 5Ð7 mm long, and typically ßat-
tened against the pit of the fruit. No dead larvae were

Fig. 1. Treatments targeting second- and third-instar plum curculio in 2006. Mean proportion (A) and mean mass (B)
of plum curculio larvae that emerged per infested cherry; mean proportion (C) and mean mass (D) of live larvae recovered
from infested fruit 36 d after oviposition. Proportions were arcsine square-root transformed before analysis, untransformed
means and standard errors are shown. Treatments with different letters are signiÞcantly different at � � 0.05 (TukeyÕs HSD).
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found in the pyriproxyfen treatments and less than 10
larvae were found in each of the other treatments.
Neonate Target. The number of damaged cherries

per sleeve cage ranged from 29 to 79. There was no
signiÞcant difference in the number of stings per
sleeve cage (61.9 � 5.2 SEM) or stings per damaged
cherry (1.42 � 0.06 SEM) between the treatment
branches.

The untreated control cherries had a 72.5% larval
emergence rate. Cherries treated with novaluron, pyr-
iproxyfen, and the untreated controls had the highest
emergence rates. All other treatments had signiÞcant
reductions from the untreated control (F� 23.15; df �
6, 14;P� 0.0001) (Fig. 2A). There were no larvae from
119 azinphos-methylÐtreated cherries, and emer-
gence from thiamethoxam and thiacloprid treatments
was �2%. Larvae emerging from the pyriproxyfen
treatment were signiÞcantly heavier than the other
treatments (F� 55.80; df � 5, 9; P� 0.0001) (Fig. 2B).

When cherries were dissected, an average of 39.6%
of the pyriproxyfen-treated cherries yielded live lar-
vae. This internal infestation rate was signiÞcantly
greater than that of the controls (F� 11.95; df � 6, 14;
P� 0.0001) (Fig. 2C). No live larvae were recovered
from cherries treated with the neonicotinoids or azin-
phos-methyl. Masses of live larvae that were still inside
of the cherries were not signiÞcantly different (F �
6.33; df � 3, 4;P� 0.0534) (Fig. 2D). It should be noted
that live larvae were only found in one of three rep-
licates for indoxacarb and the untreated control. If
these are excluded and novaluron and pyriproxyfen
treatments are analyzed separately, there was a sig-
niÞcantdifferencebetween these twotreatments(F�
169.79; df � 1, 4; P � 0.0002) (Fig. 2D). The heaviest
pyriproxyfen-exposed larva was 0.0459 g.

Dead larvae were recovered in all treatments except
for azinphoc-methyl. Indoxacarb had the highest re-

covery rate (29 larvae from 109 cherries) and these
larvae were 1Ð4 mm in length.
Egg Target. The number of damaged cherries per

limb cage ranged from 19 to 72. This trial was initiated
later in the season, and fruit had begun to soften.
Oviposition scars could not be counted because plum
curculio females were no longer making stereotypical
oviposition scars; oviposition marks were impossible
to distinguish from feeding marks. All damaged fruit
were set aside for larval emergence.

The untreated control cherries had a 46.2% larval
emergence rate. No larvae emerged from thiame-
thoxam or azinphos-methyl treatments (106 and 97
total cherries, respectively); their emergence rates
were signiÞcantly lower than those of the other treat-
ments (F � 13.09; df � 6, 14; P � 0.0001) (Fig. 3A).
Larvae emerging from the pyriproxyfen treatment
were signiÞcantly heavier than the other treatments
(F � 66.25; df � 4, 10; P � 0.0001) (Fig. 3B). The
heaviest pyriproxyfen-exposed emerged larva was
0.0627 g, three times the average mass of larvae from
untreated cherries. Average larval mass from thiaclo-
prid, novaluron, and indoxacarb treatments was no
different from that of untreated cherries.

When cherries were dissected, an average of 16.2%
of the pyriproxyfen-treated cherries had larvae inside
of them, whereas 2% of the untreated cherries had
larvae inside. This internal infestation rate was signif-
icantly greater than that of the controls (F� 8.26; df �
6, 14; P� 0.0006) (Fig. 3C). No larvae were recovered
from cherries treated with thiamethoxam, or azin-
phos-methyl. Larvae that were still inside pyriproxy-
fen-treated cherries were signiÞcantly heavier than
those from other treatments (F� 57.44; df � 4, 6; P�
0.0001) (Fig. 3D). The heaviest pyriproxyfen-exposed
larva still inside the cherry was 0.0522 g. Living larvae
recovered from indoxacarb treatments were notably

Fig. 2. Treatments targeting plum curculio neonates in 2006. Mean proportion (A) and mean mass (B) of plum curculio
larvae that emerged per infested cherry; mean proportion (C) and mean mass (D) of live larvae recovered from infested fruit
37 d after oviposition. Proportions were arcsine-square-root transformed before analysis, untransformed means and standard
errors are shown. Treatments with different letters are signiÞcantly different at � � 0.05 (TukeyÕs HSD). *, if untreated control
and indoxacarb data for recovered larval mass (D) are excluded from the analysis, there is a signiÞcant difference between
the masses of recovered larvae in pyriproxyfen and novaluron treatments (see text).
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intoxicated, with rapid mandibular movement and in-
ability to move in a coordinated manner. Four of 12
recovered larvae in the novaluron treatments had an-
atomical deformities such as mandibles that were
fused to the head rather than articulated. The recov-
ery rate of dead larvae from dissected fruit varied from
zero to 15%. We did not Þnd dead larvae inside pyr-
iproxyfen or untreated cherries. The dead larvae
found in the thiamethoxam and azinphos-methyl
treatments were typically neonates found in the ovi-
position scar, with little or no evidence of tunneling.
2007 Trials. CHES Neonate Target. The number of

damaged cherries per limb cage ranged from nine to
24. There was no signiÞcant difference in the number
of stings per damaged cherry (1.30 � 0.08 SEM) be-
tween the treatment branches.

The untreated control had 56.6% larval emergence
rate. The acetamiprid treatments had signiÞcantly
lower emergence rates than esfenvalerate or the un-
treated controls (F � 17.73; df � 2, 11; P � 0.0004)
(Fig. 4A). There was no signiÞcant difference be-
tween the average masses of emerged larvae across the
treatments (0.0191 � 0.001 g; P � 0.4312).

Only untreated and esfenvalerate-treated cherries
had living larvae at the time of dissection; the average
live-infestation rate was 3 and 4%, respectively. There
was no signiÞcant difference between the treatments
(P � 0.2265). There were only four living larvae re-
covered, and there was no signiÞcant difference in the
lengths of the recovered larvae (5 mm; P � 0.333).
Dead larvae were recovered in all treatments. Larvae
from untreated cherries were 4Ð6 mm in length. For
acetamiprid and esfenvalerate treatments, recovered
larvae were all neonates in the oviposition scar.
NWHRS Neonate Target. The number of damaged

cherries per limb cage ranged from six to 50. There was
no signiÞcant difference in the number of stings per
damaged cherry (1.37 � 0.04 SEM) between the treat-
ment branches.

The untreated control had 73.9% larval emergence
rate. No larvae emerged from acetamiprid-treated
cherries (57 total fruit) and only nine larvae emerged
from 104 phosmet-treated fruit. This was signiÞcantly
less than the 19.3% emergence from the untreated
controls (F� 20.83; df � 4, 13; P� 0.0001) (Fig. 4B).
Cherries treated with esfenvalerate and chlorantra-
niliprole showed no signiÞcant reduction in emer-
gence rate from the untreated control. There was no
signiÞcant difference between the masses of emerged
larvae (0.0172 � 0.002 g; P � 0.0567).

Less than 10% of cherries from any treatment had
larvae inside of them when they were dissected (over-
all mean, 2.5%), and there was no signiÞcant differ-
ence between the treatments (P � 0.1611). Three of
the four chlorantraniliprole replicates had live larvae
remaining inside the fruit, but only a single larva was
recovered from phosmet, esfenvalerate, or untreated

Fig. 3. Treatments targeting plum curculio eggs in 2006. Mean proportion (A) and mean mass (B) of plum curculio larvae
that emerged per infested cherry; mean proportion (C) and mean mass (D) of live larvae recovered from infested fruit 34 d
after oviposition. Proportions were arcsine square-root transformed before analysis, untransformed means and standard errors
are shown. Treatments with different letters are signiÞcantly different at � � 0.05 (TukeyÕs HSD).

Fig. 4. Treatments targeting neonate plum curculio in
2007. Proportion of larvae emerged per infested cherry from
sprays targeting neonate plum curculio at the CHES (A) and
NWHRS (B) research sites. Proportions were arcsine square-
root transformed before analysis, untransformed means and
standard errors are shown. Treatments with different letters
are signiÞcantly different at � � 0.05 (TukeyÕs HSD).
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control replicates; no live larvae were found in acet-
amiprid treatments. There was no signiÞcant differ-
ence in the lengths of the recovered larvae (4.04 mm;
P � 0.071). Dead larvae were recovered in all treat-
ments except the untreated controls. For acetamiprid
and phosmet, larvae died as hatchlings in the ovipo-
sition scar. Dead larvae in chlorantraniliprole and es-
fenvalerate treatments ranged from neonates to 5-mm
larvae.
Residue Recovery. Chemical residue recoveries of

the 2006 tissue sections were highest for the skin
sections and generally declined from outer ßesh to
inner ßesh sections (Table 3). Azinphos-methyl had
the highest residue recovery; 24.2 ppm was recovered
from the skin section. All compounds were recovered
in the inner 1 mm of fruit ßesh.

Thiamethoxam and thiacloprid residues were ap-
proximately evenly split between interior and skin
sections. Pyriproxyfen was overwhelmingly a surface
residue, with rates of �0.1 ppm recovered from the
ßesh sections. Flesh sections of azinphos-methyl, no-
valuron, and indoxacarb-treated fruit had �10% of the
total residues recovery.

The 2007 trials evaluated residues by using the son-
ication and homogenization method. The neonicoti-
noid acetamiprid had high levels of penetration, and
signiÞcantly more was subsurface rather than surface
residue (Table 4). Esfenvalerate was recovered at
very low levels from all fractions. About half of the
chlorantraniliprole recovered residues were subsur-
face residues, whereas phosmet was overwhelmingly
on the surface.

Discussion

This collection of experiments serves as a Þeld val-
idation of previously reported experiments that show
plum curculio eggs and larvae are susceptible to in-

secticides that are used to control adults of this species
(Wise et al. 2007, Hoffmann et al. 2008). Field residue
recoveries for these compounds make strong cases for
which materials have the potential to be curative
agents.

Azinphos-methyl and phosmet caused near com-
plete elimination of live internal infestation at egg,
neonate and late-instar application timings. Even
though Þeld residues for the two were predominantly
on or in the surface and skin, the recovery rate of
internal residues (�1.1 ppm for both compounds)
exceeded the observed level of effect in laboratory
ovicidal studies (Hoffmann et al. 2008). Egg LC50

values for azinphos-methyl and phosmet were 0.44
and 2.06 ppm, respectively.

The neonicotinoids acetamiprid, thiamethoxam,
and thiacloprid were all exceptionally active curative
agents, and these compounds were recovered from
fruit tissue at rates �0.1 ppm. Like the organophos-
phates, sprays of neonicotinoids were effective at re-
ducing larval emergence when targeting eggs, neo-
nates, and late instars. This activity complements their
adulticidal actionandsuggests thatneonicotinoidswill
be robust in reducing plum curculio populations.

Thiamethoxam is converted to clothianidin in in-
sects and plant tissue, and direct neural studies with
thiamethoxam show signiÞcantly reduced binding af-
Þnities to insect neuronal acetylcholine receptors rel-
ative to other neonicotinoids (Nauen et al. 2003).
However, the observed activity of this compound
against plum curculio was similar to that of the other
tested neonicotinoids. It is likely that the some of the
activity seen with thiamethoxam application is due to
the action of the clothianidin product. Clothianidin
(Clutch50 WDG; Valent U.S.A. Corp., Walnut Creek,
CA) is not currently labeled for use on cherries, but
it is labeled in apples at a rate of 1.5 oz. of active
ingredient per acre (105 g/ha). The application rate of
thiamethoxam in apples for control of plum curculio
is equivalent to 79 g/ha. Thiamethoxam is one of the
only neonicotinoids to have a negative (hydrophilic)
log P (log Kow) value (�0.13). The hydrophilic char-
acter of thiamethoxam may actually contribute to its
penetration through the fruit ßesh where it can be
later metabolized to the more lipophilic clothianidin
(log P � 0.7). Direct treatment with clothianidin was
toxic to plum curculio eggs at much lower concentra-
tions than thiamethoxam (Hoffmann et al. 2007) and

Table 3. Mean residue recovery (�SEM) from cherry fruit
tissue 24 h postapplication for six insecticide compounds by using
the dissection method

Compound
applied

Tissue n
ppm

recovereda

Thiamethoxam Inner 1 mm 3 1.21 (0.34)
Outer 1 mm 3 2.09 (0.71)
Skin 3 3.52 (1.40)

Thiacloprid Inner 1 mm 3 0.13 (0.03)
Outer 1 mm 3 0.16 (0.03)
Skin 3 0.42 (0.05)

Pyriproxyfen Inner 1 mm 3 0.09 (0.01)
Outer 1 mm 3 0.04 (0.01)
Skin 3 4.06 (0.36)

Novaluron Inner 1 mm 3 0.13 (0.27)
Outer 1 mm 3 0.42 (0.17)
Skin 3 4.45 (1.37)

Indoxacarb Inner 1 mm 3 0.14 (0.11)
Outer 1 mm 3 0.25 (0.12)
Skin 3 4.41 (2.28)

Azinphos-methyl Inner 1 mm 3 1.17 (0.18)
Outer 1 mm 3 2.93 (0.20)
Skin 3 24.23 (2.13)

Data are from 2006 trial at Trevor Nichols Research Complex.
aMicrograms of analyte per gram of fruit sample.

Table 4. Mean residue recovery (�SEM) from cherry fruit
tissue 24 h postapplication for six insecticide compounds

Compound Residue location n samples Mean ppm

Acetamiprid Subsurface 4 0.66 (0.09)
Surface 4 0.02 (0.01)

Esfenvalerate Subsurface 7 0.01 (0.004)
Surface 7 0.01 (0.002)

Chlorantraniliprole Subsurface 1 0.45
Surface 1 0.7

Phosmet Subsurface 1 1.85
Surface 1 18.77

Data are from 2007 trials at CHES and NWHRS.
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the metabolic conversion could be an important as-
pect of curative activity for this pair of compounds.
The residue analysis techniques used for this study
were unable to differentiate between clothianidin and
thiamethoxam.

Novaluron does not seem to have curative activity
in the Þeld at current application rates. Fruit tissue
recoveries for this compound (�0.13 ppm) compare
closely to the LC50 of 0.4 ppm for ovicidal activity in
laboratory studies (Hoffmann et al. 2008), but there
was no observed decrease in emergence rate. There
was a nonsigniÞcant trend toward higher rates of lar-
vae remaining in the fruit after 5 wk and lower masses
for these recovered larvae when the eggs and neonates
are targeted. Although this compound may not be a
curative agent, early season applications (petal fall,
shuck off) of this chitin synthesis inhibitor should still
be considered, given the sublethal reduction of egg
viability (Wise et al. 2007) after adult exposure.

Esfenvalerate has adulticidal activity against plum
curculio and showed toxicity to eggs in the laboratory
at 0.1 ppm (E.J.H., unpublished). But this pyrethroid
failed to have curative activity in the Þeld. The reasons
for this failure are likely the result of extremely low
residues in the fruit ßesh. Two of the samples had no
detectable residues. Rain washoff is an unlikely con-
tributor; there was �0.05 cm at CHES during the
entire postspray interval, and NWHRS precipitation
was limited to 2.4 cm 7 d after application. The lack of
residue could be due to inefÞcient penetration
through the cherry cuticle, or it could be a function of
metabolic breakdown of this compound within the
fruit tissue after penetration (Mikami et al. 1985).
Ester hydrolysis is the major metabolic pathway for
esfenvalerate, and both plants and animals possess
enzymes that mediate this process. If egg and larval
exposure is limited by esfenvalerate penetration
through the fruit cuticle, optimized spray adjuvants
may dramatically improve its efÞcacy. If the lack of
efÞcacy is due to plant metabolism, then it is unlikely
that this compound will ever be a curative agent.

The juvenile hormone analog has an unexpected
effect of keeping a signiÞcant proportion of larvae
feeding inside the fruit, even 37 d after oviposition.
These larvae are larger than normal mature larva (up
to 4 times the average normal mass) and would be
easily visible at postharvest inspection. The increase in
size may be due to supernumerary molts, or a disrup-
tion of the behavioral signaling for the larvae to exit
the fruit and begin pupation behaviors. This pyri-
proxyfen sensitivity seems to be present across the
larval developmental period, and there is an increased
possibility of infestation at harvest with any preharvest
application of this compound.

Indoxacarb was a mediocre curative agent in these
Þeld trials and it had no measurable effect on plum
curculio eggs when they were incubated in 100 ppm
solution in the laboratory (Hoffmann et al. 2008). The
insecticidal action of indoxacarb is mostly from the
decarbomethoxylated metabolite DCJW. This metab-
olism does take time and is most efÞcient after oral,
rather than topical, exposure to indoxacarb (Wing et

al. 2000). Indoxacarb is a known feeding inhibitor
(Wing et al. 2000, Tillman et al. 2001) and general
paralytic. These actions probably contributed to the
observation of living, but smaller, larvae recovered
from fruit. Indoxacarb does have fruit protection ac-
tivity when applied as a spray targeting plum curculio
adults (Wise et al. 2006).

Chlorantraniliprole, a new ryanodine receptor ac-
tivator,wasnoteffectiveas acurativeagent.Therewas
no signiÞcant reduction in larval emergence and nine
live larvae were still found in the fruit over 8 wk after
eggs were laid (only one was found in untreated fruit).
These larvae inside the fruit could be a result of sub-
lethal intoxication and slowing of feeding and result-
ant growth.

For all treatments, live larvae in dissected fruit were
light in color and their movement facilitated discov-
ery. However, dead larvae were not easy to Þnd, even
under a microscope; large larvae were often desic-
cated and ßattened against the pit, and dead neonates
were too small to notice without dedicated assess-
ment. An inspector at a processing plant would be
unlikely to detect larvae in this condition. There were
several different people dissecting these cherries, and
their ability to locate dead larvae varied. As such, the
number of dead larvae inside the fruit is an unreliable
measure for analysis, and has been treated as an item
of commentary. Similarly, the number of oviposition
scars is known to be inaccurate, as evidenced by some
individual fruit having more larvae emerge than there
were oviposition scars.

Fruit quality in replicates treated with neonicotin-
oids or organophosphates was generally good when
treatments were timed to target eggs or neonates.
Oviposition scars were obvious when the fruit were
removed from the trees, but there was no frass or
tunneling that typically denotes infested fruit. These
fruit also remained intact much longer than untreated
fruit after removal from the tree. Damaged fruit from
all treatments targeting late instars were clearly in-
fested before insecticide treatment and would prob-
ably have fallen off of the tree before harvest even if
the larvae inside were dead.

The curative approach does not prevent surface
damage to the fruit and is best suited for use in pro-
cessed commodities where this type of damage is not
the primary economic concern. Plum curculio damage
can cause fruit abscission in apples during the time of
normal thinning (Levine and Hall 1977), and these
dropped fruit contribute to maintaining local plum
curculio populations. Even though curative sprays in
apple (pre- or post-June drop) would not prevent
cosmetic fruit injury, they might support the reduc-
tion of future plum curculio populations.

The chlorinated hydrocarbons, carbamates, and or-
ganophosphates have had outstanding activity against
plum curculio adults (Smith and Fiori 1959, Forsythe
and Rings 1965, Hagley and Chiba 1980). However,
this effectiveness has limited the understanding and
development of their intrinsic curative activity. The
data presented here, in conjunction with other pub-
lished reports, demonstrate that the effectiveness of
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adult-targeted azinphos-methyl Þeld sprays is due, in
part, to the curative action on eggs and larvae. Tart
cherry pest management is transitioning to less potent
adulticidal compounds, and it is important to look at
the entire suite of life stage targets that are afforded by
current and upcoming pest management tools.

Using the curative activity of insecticides would
integrate effectively with current adulticidal programs
and would be a valuable addition to labeled uses. If
orchards have plum curculio activity, current pro-
grams typically spray at petal fall and have up to three
additional cover sprays in the 10 wk before harvest to
reduce adult activity and possible damage. A spray or
monitoring program that incorporates a curative strat-
egy would place the compounds that most effectively
reduce viable oviposition damage (by lethal or sub-
lethal action) early in the season and apply curative
sprays if monitoring indicates that viable oviposition
occurred in that early period. An organophosphate
(although available) or indoxacarb application at petal
fall stage would likely give 1Ð2 wk of lethal action
against adults, reducing populations in the canopy
during this early postbloom period. Monitoring in the
next 2 to 3 wk would guide growers in their use of a
neonicotinoid as an additional adulticidal spray or
possibly as a curative spray closer to harvest. Such an
approach could reduce or eliminate cover sprays
while meeting the high standards for infestation-free
fruit at harvest.
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Gökçe, and M. E. Whalon. 2007. Novel life state targets
against plum curculio, Conotrachelus nenuphar (Herbst)
in apple integrated pest management. Pest Manage. Sci.
63: 737Ð742.

Yee, W. L., and D. G. Alston. 2006. Effects of spinosad,
spinosad bait, and chloronicotinyl insecticides on mortal-
ity and control of adult and larval western cherry fruit ßy
(Diptera: Tephritidae). J. Econ. Entomol. 99: 1722Ð1732.

Yee, W. L. 2008. Effects of several newer insecticides and
kaolin on oviposition and adult mortality in western
cherry fruit ßy (Diptera: Tephritidae). J. Entomol. Sci. 43:
177Ð190.

Received 19 February 2009; accepted 10 July 2009.

October 2009 HOFFMANN ET AL.: CURATIVE INSECTICIDES AGAINST PLUM CURCULIO 1873

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article/102/5/1864/2199231 by guest on 22 M

ay 2023


