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ABSTRACT The effect of temperature on activity of insecticides for controlling grasshoppers in
leafy green vegetables was evaluated. Insecticides evaluated had differing modes of action and
included dißubenzuron, azadirachtin, Beauveria bassiana, spinosad, endosulfan, esfenvalerate, and
naled. We evaluated these insecticides for efÞcacy to third instars of differential grasshopper, Mela-
noplus differentialis (Thomas), at temperatures ranging from 10 to 35�C. In the laboratory, treatment
with esfenvalerate resulted in 100% mortality at temperatures of 10 to 35�C, and efÞcacy was not
temperature dependent. Treatment with spinosad resulted in similar mortality as with esfenvalerate
at all temperatures except 10�C. The activity of B. bassiana was greatest at 25�C and was adversely
affected by high and low temperatures. Treatment with dißubenzuron resulted in increasedmortality
at high temperatures, and at 35�C its activity was similar to that of esfenvalerate and spinosad. The
activity of azadirachtin ranged from 19 to 31% andwas not inßuenced by temperature. In Þeld studies,
spinosad, dißubenzuron, and esfenvalerate provided differing levels of mortality both at application
and when nymphs were exposed to 1-h-old residues. However, only spinosad and dißubenzuron
provided similar levels of mortality when nymphs were exposed to 24-h-old residues. The residual
activityofendosulfan,naled, esfenvalerate, and spinosaddecreasedwith increasing time(0Ð24h)after
exposure to sunlight and high summer temperatures. Compared with other insecticides, naled had a
short residual activity period and activity was dependent upon immediate contact with the nymphs
or their substrate. B. bassiana was inactive under high temperatures and intense sunlight as occurs in
summer.
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LEAFY GREEN VEGETABLES SUCHaskale, collards,mustard,
turnips, and spinach are grown in the south central
United States from September through May, for fresh
and processing markets. Thus, the crops and insect
pests encounter temperatures that varybetween5 and
35�C. The important insect pests of leafy green crops
in the south central region include aphids, cucumber
beetle species, seed maggots, and larvae of several
species within the order Lepidoptera, including the
diamondback moth, Plutella xylostella (L.), and army-
worm, Pseudaletia uinpunctata (Haworth). In addi-
tion, grasshoppers have been identiÞed as a signiÞcant
contaminant problem in Þelds of leafy green vegeta-
bles (Gecan and Bandler 1990). Generally, grasshop-
pers do not reproducewithin Þelds of leafy greens but
rather move into them from adjacent rangeland, pas-
tures, or other crops (Sweeden 1996). Grasshoppers
do feed on leafy greens and may reduce yield. How-
ever, the main problem is associated with their large
size and that they are a signiÞcant contaminant in the

harvested product. Processed raw ingredients are sub-
ject to stringent regulatory standards set by theUnited
States Food and Drug Administration (FDA). Due to
strict FDA standards that limit insects, insect parts,
and fecal material in processed vegetable crops, the
management and control of grasshoppers is critical.
The primary tool for managing grasshoppers is appli-
cation of insecticides. Due to the variation of climatic
conditions during the time when leafy greens are
grown, both insecticides and insects are exposed to a
broad range of temperatures.

Temperature is one of the most important factors
affecting biological processes in all living organisms.
Temperature inßuences metabolic rate, locomotion,
rate of water loss, food consumption, growth, matu-
ration, and habitat selection of grasshoppers (Chap-
pell and Whitman 1990). Temperature is also a major
factor affecting insecticide toxicity (DeVries 1978)
and thus efÞcacy (Johnson 1990, Scott 1995). The
effects of temperature on efÞcacy can be either pos-
itive or negative. The response relationship between
temperature and efÞcacy has been found to vary de-
pending on themodeof action of an insecticide, target
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species, method of application, and quantity of insec-
ticide ingested or contacted (Johnson 1990).

Considerable research has been conducted to de-
termine insecticide efÞcacy and residual activity for
controlling grasshoppers on various crops. Due to im-
plementation of the Food Quality Protection Act in
1996 several currently registered organophosphate,
carbamate, and pyrethroid insecticides are under reg-
ulatory review and their registrationmay be lost. Reg-
istered insecticides that are currently under reviewby
the Environmental Protection Agency (EPA) include
diazinon, dimethoate, chlorpyrifos,malathion,metho-
myl, permethrin, carbaryl, and dibrom. Diazinon, di-
methoate, methomyl, dibrom, and permethrin are ef-
fective, commonly used insecticides for controlling
insect pests on leafy green crops (OSU Extension
AgentsÕ Handbook 2002). Possible replacements for
these insecticides include spinosad, esfenvalerate, di-
ßubenzuron, neem extracts, and biological insecti-
cides based on the fungus Beauveria bassiana.

This study focused on the effects of temperature on
efÞcacy of these various insecticides on differential
grasshopper,Melanoplus differentialis (Thomas), pop-
ulations. We also sought to determine the activity
levels of possible alternative insecticides that may ul-
timately replace organophosphate and carbamate in-
secticides for controlling differential grasshoppers.

Materials and Methods

Insecticides. The following insecticides were ob-
tained as formulated materials as noted: insect growth
regulator (IGR) dißubenzuron (Dimilin 2L, Uniroyal
Chemical Co., Inc., Middleburg, CT), 7.0 g [AI]/ha;
botanically derived IGR azadirachtin (Neemix 4.5,
Certis USA, Columbia, MD), 48 g [AI]/ha; microbial
insecticide Beauveria bassiana GHA (Mycotrol, My-
cotech Corp., Butte, MT), 179 g [AI]/ha; pyrethroid
esfenvalerate (Asana XL, E. I. DuPont de Nemours &
Co., Inc., Wilmington, DE), 55 g [AI]/ha; microbial-
derived insecticide spinosad (Spintor 2 SC, DowAgro
Sciences LLC, Indianapolis, IN), 175 g [AI]/ha; cy-
clodiene endosulfan (Thiodan 3 EC FMC Corp., Phil-
adelphia, PA), 1,118 g [AI]/ha; and organophosphate
naled (Dibrom 8, Amvac Chemical Corp., Los Ange-
les, CA), 2102 g [AI]/ha.All insecticide solutions used
in the laboratory and Þeld studies were based on
labeled application rates andmixedunder the assump-
tion that applications would be at the rate of 332 liters
total spray solution per hectare.

Grasshoppers. In June and July 2001, and June 2002,
third instars of M. differentialis were collected from a
pasture in southeastern Oklahoma by using a 38-cm-
diameter sweep net. The third instars were identiÞed
by the general color of pale yellow to tan, a body
length of 9.4Ð12.4 mm, and a black stripe on the hind
femur occupying the center of the medial area (Pfadt
1994). The Systematic Entomology Laboratory
(USDA, Beltsville, MD) identiÞed and veriÞed the
samples of the third instars and adults as M. differen-
tialis nigricans.Thecollectedgrasshopperswere trans-
ported to the entomology laboratory at the Wes

Watkins Agricultural Research and Extension Center
(WWAREC), Lane, OK, and kept in aluminum wire
mesh mosquito cages of 45 by 45 by 45 cm (Bioquip,
RanchoDominquez, CA). Cages were covered on the
bottom with 3 cm of sand. Fresh collard leaves and
water were provided each day. Cages were main-
tained under a 14-h photoperiod and a room temper-
ature of 26.7 � 0.5�C throughout the duration of the
experiment.

Effect of Temperature. In May 2001, collard seeds
of Brassica oleraceae L. (variety acephala ÔChampionÕ)
wereplanted inplastic pots (10 cm inheight and11cm
in diameter) containing a soil-less medium (horticul-
tural vermiculite [45%] andCanadian sphagnummoss
[55%]) and 6 g of Osmocote (controlled release fer-
tilizer, 14:14:14 NÐPÐK). They were grown in the
greenhouse for 6 wk at 30�C.

In June 2001, individual leaveswith amean leaf area
of 27.2 � 1.5 cm2 were selected from the plants grown
in the greenhouse and were treated with the insecti-
cides; B. bassiana, azadirachtin, dißubenzuron, and
esfenvalerate. The concentration of each insecticide
solution was calculated based on Þeld-use labeled
rates. Each insecticide was prepared as a 100-ml so-
lutionbyusingdistilledwater and stirred for 10minby
using an electrical stirrer. Individual leaves were
dipped in the insecticides, removed, and dried at 25�C
for 30 min. The plastic cages used for this experiment
were made from 480-ml volume (16 oz), 115- and
90-mm top and bottom diameter clear plastic deli
container cupswith over snap caps (product nos. 9061
and 9065, Bio-Serve, Frenchtown, NJ). The bottom of
the container was removed and replaced with a cloth
sleeve, which was glued to the bottom. The lid was
used to cover the top of the container and the sleeve
on the bottom was secured with tie-on strip of mate-
rial. The cut endof the leaf petioleswere coveredwith
moist cotton plugs and placed in plastic cages con-
taining a third instar of M. differentialis that had been
starved for 24 h. These containers were then trans-
ferred to controlled temperature chambers (model
l-30VL, Percival ScientiÞc Co., Boone, IA) and held at
a photoperiod of 14:10 (L:D) h and a temperature of
either 10, 15, 25, or 35�C. After 48 h, treated leaves
were replaced with untreated leaves. Insecticide ef-
Þcacy was determined based on mortality of grass-
hoppers over a 10-d observation period.Mortality was
determined by either lack of movement, the insect
lying on its side, or inability to respond to a slight
shakingof thecagewithacoordinatedmovement.The
cadavers in cages containing leaves treated with B.
bassiana were kept in an environmental temperature
chamber at 25�C for 14 d for determination of myce-
lium growth. Mortality due to B. bassiana was deter-
minedwhenmycelia ofB. bassianawere visible on the
integument through a microscope. One cage, each
with a third instar, was used per replicate. The exper-
imental design was completely randomized with six
replications of each insecticide and a water-treated
control per temperature. In July 2001 and June 2002,
the experiment was repeated with the addition of the
insecticide spinosad (Spintor 2 SC) with Þve replica-
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tions. The data for all three experiments (experiment
1, 2001; experiment 2, 2001; and experiment 3, 2002)
were pooled (pooled data for spinosad were from
experiments 2 and 3 only because spinosad was not
included in experiment 1) and CATMOD procedure
(SAS Institute 1999) was used to examine the effects
of insecticide, temperature and time. PROC FREQ
with FisherÕs exact test was used to determine the
effect of temperature on each treatment (SAS Insti-
tute 1999).Weevaluated theefÞcacyof insecticides as
insectmortality andusedaP�0.1 level fordelineation
of differences. Change in mortality over time due to
each insecticide at each temperature was described
using correlation analysis between cumulative mean
mortality and days after treatments using PROC
CORR procedure (SAS Institute 1999).

FieldEfficacy.The experimental sitewas a research
Þeld at the WWAREC. Before planting, fertilizer was
applied to the soil at the rateof 112.08kg/haof 17:17:17
NÐPÐK. The preemergent herbicide trißuralinwas ap-
plied to the soil 3 d before planting at the rate of 0.84
kg/ha. Collards of B. oleraceae L. (variety acephala,
ÔChampionÕ) seeds were seeded directly into raised
beds, 1.8 m in width, two rows spaced 0.9 m apart on
16 May 2001 by using a tractor-mounted planter.
Within the rows, seeds were spaced 2.5 cm apart.
Irrigationwasprovided throughanoverhead sprinkler
system. The experimental design was completely ran-
domizedwith Þve replications. Each plot was one bed
wide and 6 m in length, bordered on each side by an
untreated bed and on each end by a 4.5-m-wide fallow
strip.

Forty third instars of M. differentialis nymphs were
selected fromthe rearingcages.Nymphsof similar size
were isolated in groups and starved for 24 h in the
laboratory at a temperature of 26.7 � 0.5�C. Each was
placed in an aluminumwiremesh cage 30 cm in length
and 45 cm in perimeter. Cloth sleeves were glued to
each end to facilitate access to the cage from both
ends. The sleeves were secured with a tie-on strip of
material.

After the 24-h starvation period, cages with third
instars were sealed from both sides and transferred to
plots. A plantwas selected from each plot and one leaf
from the upper plant canopy with a mean leaf area of
265.1 � 8.5 cm2 was carefully inserted into each cage
byopeningoneendof the cloth sleeve and tied closed.
One cage each with a third instar was used per rep-
licate. Each insecticide treatment (azadirachtin, di-
ßubenzuron, spinosad, esfenvalerate, endosulfan, and
naled), except B. bassiana, was sprayed on 6 July 2001
(experiment 1) by using a tractor-mounted sprayer
with six hollow cone nozzles per bed applying 332
liters/ha solution. B. bassiana was sprayed on the
evening of 5 July 2001 to avoid exposure to high tem-
perature and sunlight soon after treatment.

After 24 h, each cage was checked daily for insect
mortality for a 10-d period. Mortality of grasshoppers
was determined asmentioned previously. Cadavers of
the nymphs from the B. bassiana treatments were
assessed for mycelial growth, and mortality was de-
termined as described above. To assess residual activ-

ity, a cage containing one starved (24-h) third instar
of M. differentialis was placed in each plot 24 h after
the initial treatment. Grasshopper mortality in this
studywas recordedat 24h intervals over a 10-dperiod.
This experiment was repeated on 19 July 2001 (ex-
periment 2) and on 20 June 2002 (experiment 3). For
experiment2, thecageswereplaced in theÞeld1hand
24 h after spraying. For experiment 3, the plots were
direct seeded on 26 April 2002 and insecticide treat-
ments were applied on 20 June 2002, and the cages
were placed in plots before treatment, 1 h after treat-
ment and 24 h after treatment. Mortality of grasshop-
pers was recorded as indicated previously.

The data for each individual time of placing the
cages in the Þeld (before treatment, 1 h after treat-
ment, and 24 h after treatment) were pooled and the
CATMOD procedure was used to examine the effects
of insecticide and time (SAS Institute 1999). The
PROC FREQ procedure with FisherÕs exact test was
used to determine differences among the insecticide
treatment effects (SAS Institute 1999). The PROC
CORR procedure was used to determine correlation
(Pearson correlation coefÞcient and signiÞcance
probability of correlation) between mortality of M.
differentialis nymphs and number of days after expo-
sure to insecticide treatments atdiffering time(hours)
periods after Þeld spray application (SAS Institute
1999).

Results

Effect of Temperature. Results from the maximum
likelihood analysis of variance (ANOVA) (CATMOD
procedure) indicated that there were insecticide and
treatment effects (Table 1). There was also a signiÞ-
cant insecticide � temperature interaction. In addi-
tion, the results of the PROC FREQ analysis for the
mortality data for treatment effects for each temper-
ature indicated that therewere signiÞcant interactions
for these effects for several insecticideÐtemperature
combinations. No mortality of grasshopper nymphs
was observed in thewater control at any temperature.

At 10�C and 1 d after treatment, exposure to esfen-
valerate resulted in 100% mortality of nymphs and
exposure to spinosad resulted in 40% mortality (Table
2). Mortality from both insecticides was greater than
that obtained from the water control. Cumulative
mortality increased with time for each insecticide ex-
cept esfenvalerate (Table 3). At 10 d, mortality from

Table 1. Maximum likelihood analysis of variance (CATMOD
procedure) by using pooled data from three laboratory experiments

Source df �2 Pr��2

Day 5 3.30 0.6538
Temperature 3 8.74 0.0330
Day*temperature 15 13.39 0.5719
Treatment 5 198.91 �0.0001
Day*treatment 25 49.00 0.0028
Temperature*treatment 15 29.72 0.0130
Day*temperature*treatment 75 34.25 1.0000
Likelihood ratio 74 452.16 �0.0001
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treatmentwith spinosad, dißubenzuron, and esfenval-
eratewas greater than that in thewater control (Table
2). Mortality ranged from 100% with esfenvalerate to
19% with B. bassiana and azadirachtin. EfÞcacy of the
latter two insecticides was not different from that
obtained from the water control (Table 2).

At 15�C and 1 d after treatment, 100% mortality was
observed in nymphs exposed to esfenvalerate, and
exposure to spinosad resulted in 30% mortality (Table
2). Mortality from both insecticides was greater than
that obtained from the water control. Exposure to
both B. bassiana and dißubenzuron resulted in mor-
tality of 6%, which was not different from the levels
obtained from the water control. Cumulative mortal-
ity increased with time for each insecticide except
esfenvalerate (Table 3). At 10 d, each treatment re-
sulted in mortality of nymphs ranging from 100% with
esfenvalerate to 19%with azadirachtin.Mortality from
azadirachtin was not different from thewater control.

Similar to results obtained at 10�C, esfenvalerate treat-
ment resulted in the greatest mortality followed by
treatment with spinosad.

At 25�C and 1 d after treatment, exposure to esfen-
valerate resulted in 81% mortality of nymphs and ex-
posure to spinosad resulted in60%mortality (Table2).
Mortality from both insecticides was greater than lev-
els with the water only treatments. Exposure to di-
ßubenzuron resulted in 13%mortality, but thiswasnot
different from the water control. Cumulative mortal-
ity increased with time for each insecticide (Table 3).
At10d,mortality ranged from100%withesfenvalerate
and spinosad to 31% with azadirachtin, which were
greater than levels obtained from the water control.
Exposure to B. bassiana resulted in 63% mortality.

At 35�C and 1 d after treatment, exposure to esfen-
valerate resulted in nearly 94% mortality of nymphs
and spinosad resulted in 80% mortality (Table 2).
Mortality from both insecticides was greater than the

Table 2. Mean (� SEM) percentage of mortality of M. differentialis nymphs due to temperature over time by insecticide treatments
using pooled data from three laboratory experiments

Insecticide Temp (�C)
Days after treatment

1 2 4 6 8 10

Water control 10 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A
15 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A
25 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A
35 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A

B. bassiana 10 0.0 � 0.0A 0.0 � 0.0A 12.5 � 8.5abA 12.5 � 8.5aA 12.5 � 8.5abAB 18.75 � 10.1aAB
15 6.3 � 6.3AB 6.3 � 6.3AB 12.5 � 8.5abA 18.8 � 10.1aA 25.0 � 11.2bcB 50.0 � 12.9bC
25 0.0 � 0.0A 18.8 � 10.1A 31.3 � 11.9bC 50.0 � 12.9bB 50.0 � 12.9cB 62.5 � 12.5bC
35 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0aA 0.0 � 0.0aA 0.0 � 0.0aA 6.25 � 6.3aA

Spinosad 10 40.0 � 16.3aB 50.0 � 16.7aB 50.0 � 16.7aB 50.0 � 16.7aB 60.0 � 16.3aC 60.0 � 16.3aC
15 30.0 � 15.3aB 30.0 � 15.3aB 70.0 � 15.3abB 80.0 � 13.3abB 80.0 � 13.3abC 90.0 � 10.0abD
25 60.0 � 16.3abB 60.0 � 16.3abB 90.0 � 10.0bcD 100.0 � 0.0bC 100.0 � 0.0bC 100.0 � 0.0bD
35 80.0 � 13.3bB 90.0 � 10.0bC 100.0 � 0.0cC 100.0 � 0.0bD 100.0 � 0.0bC 100.0 � 0.0bC

Dißubenzuron 10 0.0 � 0.0A 0.0 � 0.0aA 12.5 � 8.5aA 18.75 � 10.1aA 25.0 � 11.2aB 31.25 � 11.9aBC
15 6.3 � 6.3AB 6.3 � 6.3abAB 18.8 � 10.1aA 18.8 � 10.1aA 25.0 � 11.2aB 25.0 � 11.2aBC
25 12.5 � 8.5A 12.5 � 8.5abA 25.0 � 11.2abBC 25.0 � 11.2aB 31.25 � 11.9aB 37.5 � 12.5aBC
35 6.25 � 6.3A 25.0 � 11.2bB 50.0 � 12.9bB 62.5 � 12.5bC 87.5 � 8.5bC 93.75 � 6.3bC

Azadirachtin 10 0.0 � 0.0A 0.0 � 0.0A 0.0 � 0.0A 12.5 � 8.5A 12.5 � 8.5AB 18.75 � 10.1AB
15 0.0 � 0.0A 6.3 � 6.3AB 12.5 � 8.5A 18.8 � 10.1A 18.75 � 10.1AB 18.75 � 10.1AB
25 0.0 � 0.0A 0.0 � 0.0A 6.25 � 6.3AB 25.0 � 11.2B 25.0 � 11.2B 31.25 � 11.9B
35 0.0 � 0.0A 0.0 � 0.0A 12.5 � 8.5A 31.25 � 11.9B 37.5 � 12.5B 37.5 � 12.5B

Esfenvalarate 10 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0D 100.0 � 0.0D
15 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0B 100.0 � 0.0C 100.0 � 0.0D
25 81.3 � 10.1B 93.8 � 6.3C 100.0 � 0.0D 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0D
35 93.8 � 6.3B 100.0 � 0.0C 100.0 � 0.0C 100.0 � 0.0D 100.0 � 0.0C 100.0 � 0.0C

Means within columns and for each insecticide followed by same lowercase letter, and means within columns for different insecticides at
the same temperature are not different (P � 0.1, FisherÕs exact test).

Table 3. Correlation (Pearson correlation coefficient and significance probability of correlation) between mortality of M. differentialis
nymphs and number of days after exposure to insecticide treatments in laboratory temperature cabinets

Insecticide

Temperature (�C)

10 15 25 35

Correlation
coefÞcient

P value
Correlation
coefÞcient

P value
Correlation
coefÞcient

P value
Correlation
coefÞcient

P value

Azadirachtin 0.94 0.005 0.91 0.01 0.96 0.002 0.96 0.002
B. bassiana 0.91 0.01 0.93 0.007 0.96 0.002 0.68 0.14
Dißubenzuron 0.99 0.0001 0.94 0.005 0.97 0.001 0.98 0.0004
Esfenvalarate NC NC NC NC 0.74 0.09 0.56 0.22
Spinosad 0.90 0.01 0.92 0.01 0.89 0.02 0.79 0.06

NC, no correlation.
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levels obtained from the water control. Exposure to
dißubenzuron resulted in 6%mortality, whichwas not
different from the water control. Cumulative mortal-
ity increased with time for each treatment except B.
bassiana and esfenvalerate (Table 3). At 10 d, the
treatmentswithesfenvalerate and spinosad resulted in
100% mortality and provided greater mortality than
that obtained from the water control. Treatment with
dißubenzuron resulted in 94%mortality, whereas aza-
dirachtin resulted in 38% mortality of nymphs and
these were greater than the levels obtained from the
water control.

There was no difference in mortality levels among
the temperatures forB. bassiana at 1 d after treatment,
but at 10 d after treatment, mortality levels at 15 and
25�C were greater than mortality levels at 10 and 35�C
(Table 2). At 35�C, mortality resulting from spinosad
treatment at 1 d after treatment was greater than
mortality resulting from spinosad treatment at 10 and
15�C, and mortality levels at both of these tempera-
tures were not different from mortality levels at 25�C
(Table 2). At 10 d after treatment, the percentage of
mortality resulting from treatment with spinosad at 25
and 35�Cwas greater thanmortality levels at 10�C, but
it was not different from that at 15�C. There were no
differences among the mortality levels at the four
temperatures for dißubenzuron treatments at 1 d after
treatment but at 10 d after treatment,mortality at 35�C
was greater than mortality levels at the other three
temperatures. There was no difference among the
mortality levels resulting from azadirachtin and
esfenvalerate treatments at the four temperatures
both at 1 and 10 d after treatment (Table 2).

Field Efficacy. Results from maximum likelihood
ANOVA (CATMOD procedure) indicated that there
was an insecticide effect for the cages placed in plots

before treatment, 1 h after treatment and 24 h after
treatment (Table 4). Results of the PROCFREQanal-
ysis for the mortality data indicated that there were
treatment effects for several insecticides for the dif-
ferent time intervals.

Daily maximum temperatures during the Þeld ex-
periments ranged from 26 to 37�C (mean 34.73 �
0.42�C) in 2001 and from 27 to 32�C (30.78�C � 0.28)
in 2002 inLane,OK(OklahomaClimatological Survey
2001, 2002). Daily average temperatures for July 2001
and June 2002 were 28.62 � 0.32 and 24.91 � 0.29�C,
respectively. The maximum temperatures in the Þeld
were similar to the 25 and 35�C treatments in the
temperature chambers. For cages placed on plants
before treatment, therewas nomortality of nymphs in
plots treated with the water control (Table 5). Treat-
ment of plants with naled resulted in 100% mortality
of nymphs at 1 d after treatment. Endosulfan treat-
ment resulted in 80% mortality, whereas treatment
with esfenvalerate and spinosad resulted in 70% mor-
tality. Cumulativemortality increased over time in the
dißubenzuron-, azadirachtin-, and B. bassiana-treated
plots (Table 6). At 10 d, mortality ranged from 100%
in plots treatedwith naled to 20% in plots treatedwith
B. bassiana, but the latter was not different from the
water control (Table 5). Results indicate that spi-
nosad, endosulfan, naled, and esfenvalerate applica-
tions resulted in greater mortality than the water con-
trol at 1 d and that azadirachtin and dißubenzuron
eventually resulted in mortality levels in excess of
those in the water control at 10 d.

For cages placed onplants 1 h after treatment, there
was nomortality of nymphs on plants treatedwith the
water control (Table 7). At 1 d after treatment, 40% of
the nymphs died on plants treated with spinosad and
30% died on plants treated with naled. During the

Table 4. Maximum likelihood analysis of variance (CATMOD procedure) for days after exposure to insecticides at differing times
(hours) after field spray application

Source

No. hours after spray at which insects were exposed

0 1 24

df �2 Pr��2 df �2 Pr��2 df �2 Pr��2

Day 5 4.50 0.4793 5 5.31 0.3798 5 12.01 0.0346
Treatment 7 37.54 �0.0001 7 23.92 0.0012 7 61.86 �0.0001
Day*treatment 35 7.51 1.0000 35 11.51 0.9999 35 12.01 0.9999
Likelihood ratio 33 139.68 �0.0001 37 93.23 �0.0001 26 221.59 �0.0001

Table 5. Mean (� SEM) percentage of mortality of M. differentialis nymphs over time for insecticide treatments when insects were
placed on plants before application in the field

Insecticide
Days after treatment

1 2 4 6 8 10

Water control 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a
Spinosad 70.0 � 15.3bc 90.0 � 10.0b 90.0 � 10.0c 90.0 � 10.0ef 90.0 � 10.0ef 90.0 � 10.0ef
Dißubenzuron 0.0 � 0.0a 10.0 � 10.0a 30.0 � 15.3b 30.0 � 15.3bc 30.0 � 15.3bc 60.0 � 16.3cde
Azadirachtin 0.0 � 0.0a 10.0 � 10.0a 20.0 � 13.3ab 40.0 � 16.3c 40.0 � 16.3c 40.0 � 16.3bc
Endosulfan 80.0 � 13.3cd 80.0 � 13.3b 80.0 � 13.3c 80.0 � 13.3def 80.0 � 13.3def 80.0 � 13.3def
Naled 100.0 � 0.0d 100.0 � 0.0b 100.0 � 0.0c 100.0 � 0.0f 100.0 � 0.0f 100.0 � 0.0f
Esfenvalarate 70.0 � 15.3bc 80.0 � 13.3b 80.0 � 13.3c 80.0 � 13.3def 80.0 � 13.3def 80.0 � 13.3def
B. bassiana 0.0 � 0.0a 10.0 � 10.0a 10.0 � 10.0a 10.0 � 10.0ac 10.0 � 10.0ac 20.0 � 13.3ab

Means within columns followed by the same letter are not different (P � 0.1, FisherÕs exact test).
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same time period, 20% of the nymphs died after ex-
posure to treatments with endosulfan and esfenvaler-
ate, but these levels were not different from those
obtained from the water control. Cumulative mortal-
ity increased with time for esfenvalerate, spinosad, B.
bassiana, dißubenzuron, and azadirachtin (Table 6).
At 10 d, mortality ranged from 80% on plants treated
with spinosad to 20% on collards treated with B. bas-
siana.Mortality of grasshoppers on plants treatedwith
B. bassiana was not different from that obtained from
the water control. Results at 10 d after treatment
indicated that residues (1 h old) of spinosad, esfen-
valerate, dißubenzuron, naled, endosulfan, and aza-
dirachtin resulted in greater levels of mortality than
that from the water control.

When cages with nymphs were placed on plants
24 h after treatment, there was no difference in mor-
tality levels for any of the insecticide applications at
1 d after treatment (Table 8). Cumulative mortality
increased with time for spinosad, azadirachtin, and
dißubenzuron (Table 6). At 10 d, 60% of the grass-
hoppers died on plants treated with dißubenzuron,
47%diedonplants treatedwith spinosad, and27%died
on plants treated with azadirachtin. The mortality
levels obtained for these insecticides were different
fromthewater control.Results fromexposureof grass-
hoppers to residues (24 h old) indicated that treat-
ment of plants with spinosad, dißubenzuron, and aza-
diractin resulted in differing levels of mortality
comparedwith grasshoppers exposed to plants receiv-
ing the water control.

The two insecticides included in the Þeld trials, but
not in the laboratory trials, naled (organophosphate
insecticide) and endosulfan (cyclodiene insecticide),
provided differing levels of mortality when nymphs
were exposed to direct applications or to residues that
were 1 h old. However, no different levels ofmortality
resulting from treatment with these two insecticides
were noted when grasshoppers were exposed to res-
idues 24 h after application.

Discussion

Results of laboratory studies conducted under con-
trolled temperature conditions indicated that temper-
ature affects efÞcacy of some commonly used and
alternative insecticides when applied for control of
grasshopper nymphs. At labeled use rates, the pyre-
throid insecticide esfenvalerate resulted in 100% mor-
tality of nymphs at temperatures ranging from 10 to
35�C, and at each temperature it resulted in differ-
ences in mortality within 24 h of exposure. Spinosad
also provided differing levels ofmortality at each tem-
perature, but at 10�C, mortality occurred more slowly
over time, indicating that activity is negatively af-
fected by reduced temperatures (Johnson 1990).

The IGR insecticide dißubenzuron did not result in
different levels of mortality until 8 d at low temper-
atures of 10 and 15�C.Dißubenzuron causedmortality
rapidly at higher temperatures and was more efÞcient
at the highest temperature (35�C). This was probably
due to the fact that this IGR is only effectivewhen the

Table 6. Correlation (Pearson correlation coefficient and significance probability of correlation) between mortality of M. differentialis
nymphs and number of days after exposure to insecticide treatments at differing times (hours) after field spray application

Insecticide

No. hours after spray at which insects were exposed

0 1 24

Correlation
coefÞcient

P value
Correlation
coefÞcient

P value
Correlation
coefÞcient

P value

Azadirachtin 0.93 0.008 0.98 0.0008 0.96 0.002
B. bassiana 0.82 0.05 0.93 0.008 NC NC
Dißubenzuron 0.93 0.008 0.96 0.002 0.99 0.0001
Esfenvalarate 0.59 0.22 0.73 0.10 NC NC
Endosulfan NC NC 0.56 0.22 0.59 0.22
Naled NC NC 0.59 0.22 NC NC
Spinosad 0.59 0.22 0.79 0.06 0.92 0.009

NC, no correlation.

Table 7. Mean (� SEM) percentage of mortality of M. differentialis nymphs over time for insecticides when the insects were placed
on plants 1 h after application in the field

Insecticide
Days after treatment

1 2 4 6 8 10

Water control 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a
Spinosad 40.0 � 16.3c 60.0 � 16.3e 80.0 � 13.3e 80.0 � 13.3e 80.0 � 13.3f 80.0 � 13.3f
Dißubenzuron 0.0 � 0.0a 10.0 � 10.0abc 20.0 � 13.3abcd 30.0 � 15.3bcd 70.0 � 15.3ef 70.0 � 15.3ef
Azadirachtin 0.0 � 0.0a 0.0 � 0.0a 10.0 � 10.0abc 20.0 � 13.3abcd 30.0 � 15.3bcd 30.0 � 15.3bcd
Endosulfan 20.0 � 13.3abc 30.0 � 15.3bcde 30.0 � 15.3bcd 30.0 � 15.3bcd 30.0 � 15.3bcd 30.0 � 15.3bcd
Naled 30.0 � 15.3bc 40.0 � 16.3cde 40.0 � 16.3cd 40.0 � 16.3cd 40.0 � 16.3cde 40.0 � 16.3cde
Esfenvalarate 20.0 � 13.3abc 50.0 � 16.7de 50.0 � 16.7de 50.0 � 16.7de 50.0 � 16.7def 60.0 � 16.3def
B. bassiana 0.0 � 0.0a 0.0 � 0.0a 10.0 � 10.0abc 10.0 � 10.0abc 10.0 � 10.0abc 20.0 � 13.3abc

Means within columns followed by the same letter are not different (P � 0.1, FisherÕs exact test).

1600 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 97, no. 5



insect molts (Ware 2000) and the insect growth rate
and thus molting rate increase at higher temperatures
(Lactin and Johnson 1995, United Nations Environ-
ment Program 1996). The botanically derived IGR
azadirachtin provided only moderate levels of mor-
tality at temperatures of 25 and 35�Cand only after 6 d
of exposure. The biological insecticide B. bassiana
resulted in different levels of mortality only at the
moderate temperatures of 15 and 25�C and was not
active at a low temperature of 10�C or at a high tem-
perature of 35�C. This insecticideÕs activity is based on
the ability of a living fungus to infect and propagate
within the insect. The fungus has been previously
shown to be inactive at low and high temperatures
(Inglis et al. 1999).

Results of the Þeld experiments that were con-
ducted at high temperatures (July 2001 and June 2002,
mean daily maximum temperature 34.73 � 0.42 and
30.78 � 0.28�C, respectively; Oklahoma Climatologi-
cal Survey 2001, 2002) validated the controlled labo-
ratory studies. Esfenvalerate and spinosad applica-
tions resulted in different levels of mortality when
nymphswere exposed to direct contact to insecticides
(cages placed on plant before application) and when
nymphs were exposed to 1-h-old residues. Dißuben-
zuron applications resulted in similar levels of mor-
tality; however, onlyafter 8ddue to the sloweractivity
of the IGR. The botanically derived IGR azadirachtin
provided only moderate levels of mortality and only
after 6 to 8 d of exposure. B. bassiana was not active at
thehigh temperatures incurredduring theexperiment
in theÞeld trials aswaspredictedbasedonresults from
the laboratory trials.

Results from the laboratory and/or Þeld trials indi-
cate that esfenvalerate, spinosad, dißubenzuron,
naled, and endosulfan can provide signiÞcant levels of
mortality of nymphs. Under Þeld conditions with high
temperatures, which occur in late spring or early fall
in the south central United States, only dißubenzuron
and spinosad applications providedhigh levels (nearly
50 and 60%, respectively) ofmortality when grasshop-
pers were exposed to residues that were 24 h old.
Results from laboratory trials indicate that esfenval-
erate and spinosad should provide signiÞcant levels of
mortality undermoderate temperature conditions (15
and 25�C) as occur during most of the production
season for leafy greens in the south central United

States during October through May. However, under
low temperature conditions as may occur in Decem-
ber through March, only esfenvalerate and spinosad
may provide levels of mortality (�60%) sufÞcient for
successful control of grasshopper nymphs.

If registrationof someolderpesticides, suchasnaled
and endosulfan, is canceled after EPA review, then
current grasshopper management recommendations
will need to be changed. Based on this research,
esfenvalerate or spinosad may be an alternative for
immediate control of grasshopper nymph infestations
on leafy green crops, especially just before harvest
when the immediate knockdown of infestations is re-
quired. However, when nymphs are present under
moderate to high temperatures (i.e., early to late
spring), applications of dißubenzuron to the crop and
adjacent areas may aid in reducing grasshopper pop-
ulations. Results indicate that dißubenzuron will pro-
vide signiÞcant mortality with time and thus popula-
tion reductions, and this insecticide can be expected
to remain active over a longer time than either esf-
envalerate or spinosad. Results from the laboratory
trials indicate that B. bassiana can provide levels of
mortality of 50Ð60% at moderate temperatures (15
and25�C).However, efÞcacyofB.bassianaunderÞeld
conditions at these temperatures should be further
investigated. Based on results from our tests, the bi-
ologically based insecticides formulated from the fun-
gus B. bassiana should not be used at temperatures
�15�C or �25�C.

Adult grasshoppers generally lay eggs in fall (Sep-
tember and October) in the south central United
States, and the eggs hatch in mid-to-late-spring, April
to May. Nymphs emerge, feed, and molt and mature
into adults by midsummer. Thus, nymphs occur in
Þelds of leafy greens primarily during the spring and
early summer production period, from April through
June. Based on the results of this study,we can predict
that esfenvalerate and spinosad will provide effective
control at low to high temperatures as occur during
this time. Additionally, under moderate to high tem-
peratures, dißubenzuron may be used to reduce pop-
ulations around and in leafy green production Þelds
and may be used up to 10 d before harvest and be
expected to provide signiÞcant levels of population
reduction.

Table 8. Mean (� SEM) percentage of mortality of M. differentialis nymphs over time for insecticides when the insects were placed
on plants 24 h after application in the field

Insecticide
Days after treatment

1 2 4 6 8 10

Water control 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0a 0.0 � 0.0 a 0.0 � 0.0a
Spinosad 0.0 � 0.0 13.3 � 9.1 26.7 � 11.8b 46.7 � 13.3c 46.7 � 13.3cd 46.7 � 13.3cd
Dißubenzuron 0.0 � 0.0 6.7 � 6.7 20.0 � 10.7ab 33.3 � 12.6bc 53.3 � 13.3d 60.0 � 13.1d
Azadirachtin 0.0 � 0.0 6.7 � 6.7 6.7 � 6.7ab 20.0 � 10.7abc 26.7 � 11.8bcd 26.7 � 11.8bc
Endosulfan 0.0 � 0.0 6.7 � 6.7 6.7 � 6.7ab 6.7 � 6.7a 6.7 � 6.7ab 6.7 � 6.7ab
Naled 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a
Esfenvalarate 6.7 � 6.7 6.7 � 6.7 6.7 � 6.7ab 6.7 � 6.7a 6.7 � 6.7ab 6.7 � 6.7ab
B. bassiana 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a

Means within columns followed by the same letter are not different (P � 0.1, FisherÕs exact test).
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