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Abstract

A new commercial formulation, F2, was evaluated as a protectant of stored wheat, stored maize, and
stored rough (paddy) rice. This formulation comprises the technical active ingredients 0.03% deltamethrin,
0.37% piperonyl butoxide, and 0.95% chlorpyriphos-methyl, plus 10% mineral oil and 88.0% of the
diatomaceous earth Protect-Its. Tests were conducted with dust and slurry formulations at 50 and
100 ppm, 57% and 75% relative humidity, and 22�C, 27�C, and 32�C. On wheat, survival of the lesser grain
borer, Rhyzopertha dominica (F.), ranged from 0% to 30.0%, survival of the rice weevil, Sitophilus oryzae

(L.), was 0–6.2%, and survival of the red flour beetle, Tribolium castaneum (Herbst), was 0–97.5%. Few F1
adults of any of the three species were found in the treated samples. Survival of the maize weevil, Sitophilus

zeamais (Motschulsky), on treated corn was 0–32.5%, while survival of T. castaneum was 0–88.7% in the
50-ppm dust and slurry treatments, and 0–51.4% in the 100-ppm treatments. Again, few F1 adults of either
species were found in treated maize. Survival of R. dominica on treated rough rice averaged 0–4.1% and
survival of S. oryzae on treated rice was 0–48.8%, but the majority of weevils that survived were in one
replicate. F1 adults in the treatments ranged from 0 to 24.4. Results show that the combination insecticidal
product F2 was extremely effective on all three commodities at the rate of 100 ppm, as either a dust or
slurry, and could be used as a commodity protectant.
Published by Elsevier Science Ltd.
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1. Introduction

There is renewed interest in using natural products to control insects in many agricultural
environments, including post-harvest ecosystems. An example of a natural product is
diatomaceous earth (DE), which is composed of fossilized deposits of diatoms that are either
marine or freshwater in origin. In recent years there have been several popular articles (Quarles
and Winn, 1996), reviews (Golob, 1997; Korunic, 1998; Subramanyam and Roesli, 2000), and
research reports (Nielsen, 1998; Arthur, 2000a, b; Fields and Korunic, 2000a, b; Mewis and
Ulrichs, 2001) regarding availability, efficacy and performance of various commercial DE
products. An extensive list regarding current registrations of all inert dust products within the
United States can be found in Subramanyam and Roesli (2000).
Although current commercial DE products are considerably more effective than older

formulations (Subramanyam et al., 1998), inert dusts applied to grain can sometimes affect the
physical properties of grain, including flow rate and test weight (Korunic et al., 1996, 1998).
Higher rates are required to kill some insect species, such as the lesser grain borer, Rhyzopertha
dominica (F.), compared to more mobile stored-grain pests (Fields and Korunic, 2000a). Also,
high relative humidity (r.h.) and grain moisture content can have a negative effect on efficacy of
DE (Golob, 1997; Korunic, 1998; Arthur, 2000a, b; Fields and Korunic, 2000a), thereby requiring
higher rates or additional applications for control. One possibility for reducing the problems
associated with DE as an insecticide is to reduce the application rate and use low rates of
conventional chemicals combined with the DE.
Hedley Technologies Inc. (Mississauga, Ont., Canada) has developed a new formulation of a

grain protectant that is a combination of DE with conventional insecticides, all of which are
currently registered throughout much of the world for direct application to stored commodities.
However, all of the ingredient insecticides may not be registered in any one particular country.
This product, called F2, comprises the technical active ingredients deltamethrin, piperonyl
butoxide, and chlorpyriphos-methyl, plus mineral oil and DE. One hundred ppm of the
formulation contains 88 ppm of the DE Protect-Its, 0.95 ppm chlorpyrifos-methyl, 0.37 ppm
piperonyl butoxide (PBO), 0.03 ppm deltamethrin, 10 ppm mineral oil, and 0.65 ppm inert
ingredients. The objectives of this study were to: (1) assess the efficacy of F2 to control insect pests
in stored wheat, stored maize, and stored rice; and (2) evaluate efficacy under different
environmental conditions.

2. Materials and methods

2.1. Experiment 1: hard red winter wheat

Approximately 16 kg of wheat were removed from cold storage at 4�C and allowed to warm at
about 25�C for several days. The wheat was then subdivided by placing 2 kg of wheat in each of
eight 3.8-l glass jars, and about 10% of the wheat from each jar was cracked and ground in a
blender, and returned to the jar. The jar was hand-tumbled for about 30 s to ensure even
distribution of the cracked wheat. Wheat from four of the jars (8 kg) was treated as follows.
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Two application methods of F2, a dry dust and a slurry, and two rates, 50 and 100 ppm for
each, along with an untreated control, were evaluated in this test (five treatments total). Individual
replicate treatment lots for each concentration consisted of 333 g wheat, of which approximately
10% consisted of cracked and ground wheat. The dry dust was applied at the rate of 50 and
100 ppm by placing the 333 g of wheat into a 0.95-l glass jar, and adding either 16.7mg of dust for
the 50-ppm treatment or 33.5mg of dust for the 100-ppm treatment. Jars were hand-tumbled for
about 30 s to evenly distribute the dust. The slurry for the 50-ppm rate was formulated by placing
250mg of F2 dust in each of four 5-ml volumetric flasks, adding water to reach the 5-ml level, and
thoroughly mixing the solution. For each replicate, 333 g of wheat was spread out in a thin layer
on a piece of 0.62� 0.31m2 heavy white paper, and a Badger 100 artists’ airbrush (Franklin Park,
IL, USA) was used to spray an aliquot of 0.33ml solution on the wheat. This gave the desired
concentration of 50 ppm per each replicate of 333 g. After the wheat was sprayed, it was placed in
a 0.95 l glass jar, and shaken as described for the dust. Procedures were repeated for the 100-ppm
slurry by placing 500mg of F2 in the 5-ml vial, and formulating the solutions and treating the
wheat as described above. The untreated control replicate was sprayed with 0.33ml of tap water.
Each of the five treatments was subdivided into nine vials, each containing 30 g of wheat, and the
remainder of the wheat was discarded.
Twenty 1- to 2-week-old mixed-sex adult R. dominica were placed in each of three vials for each

treatment. Similarly, twenty 1- to 2-week-old mixed-sex adult rice weevils, Sitophilus oryzae (L.),
and red flour beetle, Tribolium castaneum (Herbst) were placed as single species into the remaining
two groups of three vials. Three separate humidity chambers were created in 26� 36.5� 15 cm3

plastic boxes, with waffle-type grids cut to fit the bottom (Perez-Mendoza et al., 1999; Arthur,
2001, 2002). The boxes were filled with about 750ml of saturated NaBr to maintain an r.h. of
57%, which is approximately equivalent to 12.5%moisture content (m.c.) (Greenspan, 1977). One
vial of each species from each of the four chemical treatments and the untreated control was
placed on the waffle grid in each box (five treatments� three species=15 vials in each box). The
entire design was replicated on the remaining 8 kg of wheat, except humidity boxes were filled with
saturated NaCl to maintain an approximate r.h. of 75%, approximately equal to 14.5% m.c.
(Greenspan, 1977).
One box of vials for each humidity was placed into each of three temperature incubators set at

22�C, 27�C, or 3271�C. A HOBO recording device (Onset Computers, Pocasett, MA, USA) was
put inside each of the six plastic boxes to monitor temperature and r.h.. The vials containing the
insects were incubated for 3 weeks and then removed. Insects were sifted from each vial using a
#12 mesh sieve (1.7mm apertures) for R. dominica and a #10 mesh sieve (2mm apertures) for
S. oryzae and T. castaneum, and survival was assessed by touching the insects to elicit a response.
If the insect did not move when prodded it was classified as dead. The wheat was returned to the
vials, which were in turn placed back in the humidity boxes inside each incubator and held for an
additional 8–10 weeks, depending on the temperature, to record F1 emergence. F1 adults of
R. dominica and S. oryzae were counted, while larvae, pupae, and adults were counted for
T. castaneum.
Because of the expected and obvious difference between the untreated controls and the four

insecticidal treatments, results were analyzed separately for the untreated control and the
treatments, with insect species, temperature and r.h. as main effects for the untreated control, and
insect species, treatment, temperature and r.h. as main effects for the four insecticide treatments.
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This method of analysis also allowed for more appropriate comparisons of the main effects of
temperature and r.h. levels. Variables for analysis were initial adult survival (after the 3-week
exposure period), the number of F1 adults of R. dominica and S. oryzae, and the number of F1
larvae, pupae, and adults of T. castaneum. The ANOVA, REG, and GLM procedures of the
Statistical Analysis System (SAS, 1987) were used in the data analysis. Unless otherwise specified,
statistical significance was determined at the 0.05 level.

2.2. Experiment 2: maize

The process used to prepare maize and apply insecticide were as described for wheat, except the
species used in the bioassays were the maize weevil, Sitophilus zeamais (Motschulsky), and T.

castaneum. Untreated and treated replicates were divided into six vials containing 25 g each. The
remainder of the maize was discarded. Bioassays were conducted and F1 adults of the two species
were collected following the same procedures as described for wheat, except that a #8 mesh sieve
(2.36mm apertures) was used to collect the insects. Statistical analyses were also done as described
for wheat, except that the Wilcoxon Rank Sum Test under the NPAR1WAY procedure of SAS
was also used in the analysis because of the variation in the data set.

2.3. Experiment 2: paddy (rough) rice

Rice was treated as previously described for wheat and maize. Each individual replicate lot of
333 g contained 10% cracked rice, treatment procedures were the same as described earlier for
maize in that the untreated and treated replicates were divided into 6 vials containing 20 g each, and
the remainder of the rice was discarded. Insects used in the bioassays were R. dominica and S. oryzae.
Humidity chambers were created and placed in the incubator, bioassays were conducted, and F1
adults were collected using the same methods as described for wheat and maize. Statistical analyses
were also done as described for maize, including non-parametric analysis when appropriate.

3. Results

3.1. Experiment 1: wheat

The overall ANOVA indicated that the main effect species was significant for survival on
untreated wheat (F ¼ 3:3;d:f : ¼ 2; 54;P ¼ 0:04), but neither of the other two main effects
(temperature and r.h.) were significant nor were any interactions significant. However, even
though the ANOVA was significant for species, multiple comparison analysis for differences
among species was not significant (P ¼ 0:20). Survival of R. dominica, S. oryzae, and T. castaneum
on untreated wheat averaged 97.170.8%, 97.571.1%, and 94.072.2%, respectively.
The ANOVA for treated wheat showed a significant difference for the main effects species

(F ¼ 206:6; d:f : ¼ 2; 214;Po0:01), insecticide treatment (F2 dust or slurry, 50- and 100-ppm)
(F ¼ 57:7;d:f : ¼ 3; 214;Po0:01), and temperature (F ¼ 15:1;d:f : ¼ 2; 214;Po0:01), but r.h.
was not significant (F ¼ 3:6;d:f : ¼ 2; 214;P ¼ 0:06). All interactions except species� r.h.,
r.h.� temperature, and species� r.h.� temperature were significant (Po0:05). Survival of
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R. dominica after 3 weeks of exposure ranged from 0% to 30.0%, and at two of the temperature/
r.h. combinations, 57% r.h./32�C and 75% r.h./27�C, survival was greatest in the 50-ppm slurry
treatment (Table 1). Survival of S. oryzae after 3 weeks of exposure was 0–6.2% in the 50-ppm
dust treatments and 0 in all other insecticide treatments (Table 1). More T. castaneum survived
after 3 weeks of exposure on treated wheat compared to survival of R. dominica or S. oryzae
(Table 1). Survival of T. castaneum in the four insecticide treatments ranged from 0% to 97.5%,
and in general was greater in the 50-ppm dust and slurry treatments than in the 100-ppm
treatments. Also, there was a temperature effect in that survival was greater at 27�C and 32�C
compared to 22�C in the 50-ppm dust treatment, 57% r.h. and in the 50-ppm dust treatment at
75% r.h. In the 50-ppm slurry treatment at 75% r.h., more T. castaneum survived at 32�C than at
22�C and 27�C.
Data for F1 adults were analyzed separately by species because of the presence of larvae and

pupae in bioassays conducted with T. castaneum. The number of F1 adult R. dominica in untreated
wheat was significant for main effect temperature (F ¼ 19:8; d:f : ¼ 2; 18;Po0:01). The mean
number (7standard error) of F1 adult R. dominica in untreated wheat held at 22�C, 27�C, and 32�C
was 3.873.6, 184.5757.1, and 435.2770.7, respectively, with each mean being significantly
different from the other (Po0:05). Few F1 adults were found in the treated wheat. Only the main
effect temperature was significant (F ¼ 4:1;d:f : ¼ 2; 72;P ¼ 0:02), but the number of F1’s in treated
wheat held at 22�C, 27�C, and 32�C averaged only 0, 0.270.01, and 1.170.6, respectively.
The numbers of F1 adult S. oryzae in untreated wheat also differed significantly only for main

effect temperature (F ¼ 29:8;d:f : ¼ 2; 18;Po0:01). F1 adults in untreated wheat held at 22
�C,

27�C, and 32�C numbered 32.9715.2, 449.5756.0, and 333.6752.9, respectively, with fewer at
22�C compared to 27�C and 32�C (Po0:05). Similar to R. dominica, few adults were found in the
insecticide treatments. None of the main effects or interactions were significant, with the average
over all treatments and conditions being only 1.671.1.
F1 production of all stages of T. castaneum in untreated wheat followed the same patterns as

those observed for R. dominica and S. oryzae. For adults, only the main effect temperature was
significant (F ¼ 13:7; d:f : ¼ 2; 18;Po0:01). The mean number of F1 adults in untreated wheat at
22�C, 27�C, and 32�C was 1.571.0, 46.776.8, and 114.6724.7, respectively, with each mean being
significantly different from the other. For pupae, main effect temperature (F ¼ 7:3; d:f : ¼ 2; 18;
Po0:01) and the temperature� r.h. interaction was significant (F ¼ 4:8;d:f : ¼ 2; 18;P ¼ 0:02). The
number of pupae in wheat at 22�C, 27�C, and 32�C averaged 0, 7.773.0, and 2.070.9, respectively.
For larvae, only the main effect temperature was significant (F ¼ 7:8; d:f : ¼ 2; 18;Po0:01), and the
number of larvae in wheat held at 22�C, 27�C, and 32�C averaged 0, 12.573.9, and 22.575.6,
respectively. In the treatments, none of the main effects or interactions were significant for F1 adults,
and the overall average was 1.771.2. Pupae (11.376.3) and larvae (3.371.7) were detected only
in the 50-ppm dust treatment, 75% r.h./32�C, which biased the results of the ANOVA because of
the 0 values in the remaining three treatments and temperature/r.h. combinations.

3.2. Experiment 2: maize

The ANOVA for survival on untreated maize showed significance for main effects species
(F ¼ 13:5;d:f : ¼ 1; 38;Po0:01) and r.h. (F ¼ 8:0;d:f : ¼ 1; 38;Po0:01) but not for temperature
or any interaction. Survival of S. zeamais was 97.571.0% and 93.771.2% at 57% and 75% r.h.,
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respectively, while survival of T. castaneum was 100% and 98.370.9%, respectively. Although
survival of T. castaneum was greater than survival of S. zeamais at both r.h. levels, the difference
was so small that it could be considered as biologically insignificant.
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Table 1

Survival (%, mean7SEM) of parent Rhyzopertha dominica, Sitophilus oryzae, and Tribolium castaneum adults exposed

for 3 weeks on wheat treateda with 50 or 100 ppm of F2 applied as a dust (D) or a liquid slurry (S)b; treated wheat was

held at 57% or 75% r.h., and at 22�C, 27�C, or 32�Cc

% Relative humidity Treatment Temperature (�C)

22 27 32

Rhyzopertha dominica

57 D-50 0.070.0a 11.278.1a 1.271.2b

D-100 0.070.0a 0.070.0a 0.070.0b

S-50 1.271.2a 8.775.1a 30.0712.7a

S-100 0.070.0a 0.070.0a 1.271.2b

75 D-50 0.070.0a 3.772.4ab 0.070.0b

D-100 3.772.4a 0.070.0b 0.070.0b

S-50 2.571.4a 13.775.9a 5.072.0a

S-100 1.271.2a 1.271.2b 0.070.0b

Sitophilus oryzae

57 D-50 0.070.0a 6.273.7a 1.271.2a

D-100 0.070.0a 0.070.0a 0.070.0a

S-50 0.070.0a 0.070.0a 0.070.0a

S-100 0.070.0a 0.070.0a 0.070.0a

75 D-50 0.070.0a 0.070.0a 0.070.0a

D-100 0.070.0a 0.070.0a 0.070.0a

S-50 0.070.0a 0.070.0a 0.070.0a

S-100 0.070.0a 0.070.0a 0.070.0a

Tribolium castaneum

57 D-50 30.0714.9ab 86.279.1aA 73.5719.1aA

D-100 0.070.0a 1.271.2b 0.070.0b

S-50 52.5717.9a 77.5712.0a 76.279.0a

S-100 11.278.1b 15.0713.4b 21.2718.1b

75 D-50 46.278.0aB 88.778.0aA 97.571.4aA

D-100 5.075.0b 6.274.7b 5.075.0c

S-50 1.271.2bB 15.073.5bB 57.575.9bA

S-100 8.775.5b 22.5715.8b 12.5712.5c

aSurvival of R. dominica, S. oryzae, and T. castaneum on untreated wheat averaged 97.170.8%, 97.571.1%, and

94.072.2%, respectively.
bMeans for treatment for each insect species and r.h. followed by the same lower-case letter are not significantly

different (PX0:05; Waller–Duncan k-ratio t-test).
cWhen means for temperature within treatment are significantly different, it is denoted by capital letters. No capital

letters denote means were not significantly different (PX0:05; Waller–Duncan k-ratio t-test).
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The ANOVA for survival on treated maize showed significant differences for three main effects
species (F ¼ 15:8;d:f : ¼ 1; 144;Po0:01), insecticide treatment (F2 dust or slurry, 50- and 100-ppm)
(F ¼ 9:9; d:f : ¼ 3; 144;Po0:01), and r.h. (F ¼ 11:6;d:f : ¼ 1; 144;Po0:01), but not for tempera-
ture (F ¼ 0:9;d:f : ¼ 2; 144;P ¼ 0:41). All interactions except treatment� temperature, r.h.
� temperature, and species� treatment� temperature were significant (Po0:05). Survival of S.
zeamais after 3 weeks of exposure was 0–32.5% in the 50-ppm dust and slurry treatments, and
0–28.7% in the 100-ppm treatments (Table 2). Although some means appeared to be greater than
others, neither the standard ANOVA nor theWilcoxon Rank Sum Test showed any differences among
treatments within temperature and r.h. levels, or among temperatures within treatment and r.h. levels.
Survival of T. castaneum after 3 weeks of exposure was 0–88.7% in the 50-ppm dust and slurry

treatments, and 0–54.1% in the 100-ppm treatments (Table 2). In some instances most of the
survival came from one replicate, as evidenced by the large standard errors. Neither the ANOVA
nor the Wilcoxon Rank Sum Test indicated a significant difference between treatments within
temperature or between temperature within treatments at 57% r.h., however, both methods of
analysis showed significant treatment effects at 75% r.h. Mixed results were observed at 22�C, but
at 27� survival was greatest in the 50-ppm dust treatment, while at 32�C, survival was greater in
the dust treatments than in the slurry treatments (Table 2).
Data for F1’s were analyzed separately by species, as was done for wheat. The number of

F1 adult S. zeamais in untreated maize was significant only for main effect temperature
(F ¼ 8:8; d:f : ¼ 2; 18;Po0:01). However, the number of F1 adult S. zeamais produced on
untreated maize was far less than the number of S. oryzae produced on untreated wheat. The
mean number of F1 adult S. zeamais in untreated maize held at 22�C, 27�C, and 32�C was
0.870.4, 16.775.6, and 1.171.3, respectively. Few adults were produced in the treatments, only
the main effect of r.h. was significant (F ¼ 4:1;d:f : ¼ 1; 72;P ¼ 0:048), and the overall average at
57% and 75% r.h. was 0.570.3 and 0.0270.02, respectively.
F1 production of all stages of T. castaneum in untreated maize followed the same patterns

evident for S. zeamais. For adults, only main effect temperature was significant
(F ¼ 8:1; d:f : ¼ 2; 18;Po0:01). The number of F1 adults in untreated maize at 22

�C, 27�C, and
32�C was 0.270.2, 6.674.1, and 20.674.5, respectively, with each mean being significantly
different (Po0:05) from the other. For pupae and larvae, none of the main effects were
significant, possibly because of variation in the data set. No pupae or larvae were found at 22�C,
and the overall averages for numbers of each life stage were 3.470.8 and 11.073.6, respectively.
For the treatments, none of the effects were significant for adults, with an overall average of
0.270.1 across all treatments and combinations. No pupae or larvae were found in any of the
treatment combinations.

3.3. Experiment 3: rough (paddy) rice

The ANOVA for survival on R. dominica and S. oryzae on untreated rice was significant for
main effects temperature (F ¼ 11:2;d:f : ¼ 1; 38;Po0:01) but not for species and r.h., and all
interactions were significant (Po0:05). Survival of R. dominica was not significant with respect to
temperature, and overall survival averaged 87.074.0% at all treatment combinations. Survival of
S. oryzae was significant with respect to temperature, and averaged 99.470.6, 99.470.6, and
53.7717.0 at 22�C, 27�C, and 32�C, respectively.
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The ANOVA for survival on treated rice indicated significant differences for main effects
species (F ¼ 9:5;d:f : ¼ 1; 144;Po0:01), insecticide treatment (F ¼ 4:6;d:f : ¼ 3; 144;Po0:01), and
r.h. (F ¼ 5:1;d:f : ¼ 1; 144;Po0:01), but not for temperature (F ¼ 0:9; d:f : ¼ 2; 144;P ¼ 0:41).
Only the species� treatment interaction was significant (Po0:05). Survival of R. dominica after
3 weeks of exposure was 0–4.1% in the 50-ppm dust and slurry treatments, and 0–2.5% in the
100-ppm treatments (Table 3), with no significant differences with respect to treatment or
temperature.
Survival of S. oryzae after 3 weeks of exposure was 0–24.4% in the dust treatments, and

0–48.8% in the slurry treatments (Table 3). However, in many cases where there was survival,
nearly all of the survival occurred in one replicate, as evidenced by a standard error equal to the
mean. Survival was usually 0 in the remaining three replicates. Although the overall ANOVA
indicated significance for main effects treatment and temperature, the biases in the data were such
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Table 2

Survival (%, mean7SEM) of parent Sitophilus zeamais, and Tribolium castaneum adults exposed for 3 weeks on maize

treateda with 50 or 100 ppm of F2 applied as a dust (D) or a liquid slurry (S)b; treated maize was held at 57% or 75%

r.h., and at 22�C, 27�C, or 32�Cc

% Relative humidity Treatment Temperature (�C)

22 27 32

Sitophilus zeamais

57 D-50 0.070.0a 0.070.0a 2.571.4a

D-100 2.572.5a 0.070.0a 1.271.2a

S-50 0.070.0a 0.070.0a 0.070.0a

S-100 28.7716.9a 15.0710.6a 6.274.7a

75 D-50 32.5723.6a 26.0719.9a 1.371.3a

D-100 0.070.0a 0.070.0a 0.070.0a

S-50 0.070.0a 0.070.0a 0.070.0a

S-100 0.070.0a 0.070.0a 1.371.3a

Tribolium castaneum

57 D-50 11.275.1a 12.574.8a 1.271.2a

D-100 0.070.0a 1.271.2a 0.070.0a

S-50 0.070.0a 0.070.0a 0.070.0a

S-100 15.5713.2a 37.5721.8a 0.070.0a

75 D-50 2.672.6aB 68.7713.0aA 88.774.6aA

D-100 18.7715.6a 22.5717.9b 54.1726.7a

S-50 0.070.0a 7.675.9b 1.271.2b

S-100 16.6716.6a 0.070.0b 0.070.0b

aSurvival of S. zeamais on untreated maize was 97.571.0 and 93.771.2 at 57% and 75% r.h., respectively; survival

of T. castaneum was 100% and 98.370.9%, respectively.
bMeans for treatment for each species and r.h. followed by the same lower-case letter are not significantly different

(PX0:05; Waller–Duncan k-ratio t-test).
cWhen means for temperature within treatment are significantly different, it is denoted by capital letters. No capital

letters denote means were not significantly different (PX0:05; Waller–Duncan k-ratio t-test).
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that neither the ANOVA nor the Wilcoxon Rank Sum Test showed any differences among
treatments within temperature and r.h. levels, with the exception of 75% r.h., 32�C.
The numbers of F1 adult R. dominica in untreated rice differed significantly only for main effect

temperature (F ¼ 185:2;d:f : ¼ 2; 18;Po0:01). The mean number of F1 adult R. dominica in
untreated rice held at 22�C, 27�C, and 32�C was 0.270.1, 20.974.0, and 122.078.1, respectively,
with each mean being different from the other (Po0:05). Although the ANOVA for the number
of F1 adult R. dominica in treated rice was also significant only for main effect temperature
(F ¼ 54:7;d:f : ¼ 2; 72;Po0:01), few adult F1’s were produced in the treated rice. Averages for
22�C, 27�C, and 32�C were 0, 0.270.01, and 0.870.3, respectively.
The numbers of F1 adult S. oryzae in untreated rice differed significantly for main effects

temperature (F ¼ 9:3;d:f : ¼ 2; 18;Po0:01) and r.h. (F ¼ 46:8;d:f : ¼ 1; 18;Po0:01) but not the
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Table 3

Survival (%, mean7SEM) of parent Rhyzopertha dominica and Sitophilus oryzae adults exposed for 3 weeks on rough

(paddy) rice treateda with 50 or 100 ppm of F2 applied as a dust (D) or a liquid slurry (S)b; treated rice was held at 57%

or 75% r.h., and at 22�C, 27�C, or 32�Cc

% Relative humidity Treatment Temperature (�C)

22 27 32

Rhyzopertha dominica

57 D-50 0.070.0a 0.070.0a 0.070.0a

D-100 0.070.0a 0.070.0a 0.070.0a

S-50 1.271.2a 1.271.2a 2.572.5a

S-100 0.070.0a 0.070.0a 1.271.2a

75 D-50 1.271.2a 2.571.4a 2.572.5a

D-100 0.070.0a 1.271.2a 2.572.5a

S-50 0.070.0a 4.172.5a 4.072.6a

S-100 0.070.0a 1.271.2a 0.070.0a

Sitophilus oryzae

57 D-50 0.070.0a 0.070.0a 0.070.0a

D-100 5.075.0a 0.070.0a 0.070.0a

S-50 1.271.2a 17.5717.5a 8.878.8a

S-100 0.070.0a 0.070.0a 5.075.0a

75 D-50 24.4724.6a 24.4724.6a 5.073.5a

D-100 1.271.2a 0.070.0a 0.070.0a

S-50 18.4715.1aB 10.677.4bB 48.8714.4aA

S-100 0.070.0a 0.070.0a 0.070.0a

aSurvival of R. dominica on untreated rice averaged 87.074.0% (mean7S.E.), survival of S. oryzae on untreated rice

averaged 99.470.6, 99.470.6, and 53.7717.0 at 22�C, 27�C, and 32�C, respectively.
bMeans for treatment for each species and r.h. followed by the same lower-case letter are not significantly different

(PX0:05; Waller–Duncan k-ratio t-test).
cWhen means for temperature within treatment are significantly different, it is denoted by capital letters. No capital

letters denote means were not significantly different (PX0:05; Waller–Duncan k-ratio t-test).
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temperature� r.h. interaction. The mean numbers of F1 weevils on untreated rice at 57% r.h.,
22�C, 27�C, and 32�C were 14.476.1, 45.274.2, and 0.270.2, respectively, with all means being
different. The numbers of F1’s at 75% r.h., 22�C, 27�C, and 32�C were 16.576.3, 68.077.1, and
15.775.5, respectively, with more at 27�C than at either 22�C or 32�C.
Main effects treatment (F ¼ 3:4; d:f : ¼ 3; 72;Po0:01) and temperature were significant

(F ¼ 8:1; d:f : ¼ 2; 72;Po0:01) for F1 adult S. oryzae in the treatments, but not r.h. or any
interaction. This experiment with rice produced the only occurrence of an appreciable number of
F1’s in any of the four insecticide treatments. However, there were few significant differences
among the four treatments at each of the three temperatures, and the only significant difference
among temperatures occurred in the 50-ppm slurry treatment (Table 4).

4. Discussion

Insects exposed to diatomaceous earth (DE) and other inert dusts are subject to physical and
biological stresses, and combining desiccant dusts with other physical or chemical controls may
either produce synergistic effects or reduce the amount of dust needed to control stored-product
insects. Dowdy (1999) showed complete kill of T. castaneum exposed for 15–30min to 5 g/m2 of
the commercial formulations Protect-Its or Insectos, combined with high temperatures of 50�C,
compared to 51–65% mortality at 50�C alone. Field trials have also shown the potential of
combining DE and heat treatments (Fields et al., 1997).
Only a few literature reports document increased efficacy when combination treatments of

desiccant dusts, particularly DE, are applied directly to stored grains. Published reports of tests
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Table 4

Number of F1 adult (7SEM) Sitophilus oryzae produced when 20 parent mixed-sex adults were exposed for 3 weeks on

rough (paddy) rice treateda with 50 or 100 ppm of F2 applied as a dust (D) or a liquid slurry (S)b; treated rice was held

at 57% or 75% r.h.,c and at 22�C, 27�C, or 32�Cd

Temperature (�C)

Treatment 22 27 32

D-50 4.271.20a 8.274.70ab 2.772.2a

D-100 0.070.0a 1.170.7b 0.170.1a

S-50 0.270.2aB 24.478.6aA 4.672.2aB

S-100 0.070.0a 8.775.8ab 1.971.0a

aThe mean numbers of F1 adult R. dominica in untreated rice held at 22�C, 27�C, and 32�C were 0.270.1, 20.974.0,

and 122.078.1, respectively; the numbers of F1 adult R. dominica in treated rice were 0, 0.270.01, and 0.870.3, at each

temperature, respectively; and the numbers of F1 adult S. oryzae in untreated rice held at 22�C, 27�C, and 32�C were

14.976.1, 45.274.2, and 0.270.2, respectively.
bRelative humidity was not significant (PX0:05), and data were combined in analysis for treatment and temperature.
cMeans for treatment followed by the same lower-case letter are not significantly different (PX0:05;Waller–Duncan

k-ratio t-test).
dWhen means for temperature within treatment are significantly different, it is denoted by capital letters. No capital

letters denote means were not significantly different (PX0:05; Waller–Duncan k-ratio t-test).
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with silica gels show poor or mixed results (Subramanyam and Roesli, 2000), possibly because the
intention of these tests was to enhance efficacy of insecticides rather than enhance efficacy of the
dusts. Combination treatments of silica gels and organophosphates applied to wheat were not as
effective as when the same rates of these insecticides were applied by themselves (Shawir et al.,
1988). Barbosa et al. (1994) reported a synergistic effect of the silica gel Gasil 23D on deltamethrin
but not pirimiphos-methyl, in combination trials in which the larger grain borer, Prostephanus

truncatus (Horn), was exposed on treated shelled maize. In a recent study (Lord, 2001),
combination treatments of DE and other sorptive dusts plus the fungal pathogen Beauvaria

bassiana (Balsamo) were applied directly to wheat. In general, most of these combination
treatments showed increased efficacy against R. dominica compared with B. bassiana applied
alone, indicating some additive effects from the desiccant dusts.

Rhyzopertha dominica and T. castaneum are less susceptible to DE than other stored-product
beetles (Korunic, 1998; Fields and Korunic, 2000a; Subramanyam and Roesli, 2000), and require
either higher rates or longer exposure intervals for complete control. In this study, both the dusts
and slurry applications of F2 gave virtually complete control of R. dominica on wheat. Although
there were some treatment and temperature or humidity effects on survival after the 3-week
exposure period, there were few F1 adults in the treated wheat.
Although survival of T. castaneum on wheat treated with the two formulations and two rates of

F2 was variable and extensive for some treatments, no F1 adults were found in the treated wheat.
Either the parent adults were unable to reproduce on the treated wheat, or the larvae died
sometime during the developmental process. Most DE formulations are extremely effective
against insect larvae, although susceptibility may decrease as the larvae age (Subramanyam et al.,
1998; Mewis and Ulrichs, 2001). If T. castaneum was able to reproduce in these tests, it is likely
that the early instars were killed before they could develop to the later stages where they would be
less susceptible to the DE. Few S. oryzae survived on the treated wheat and no F1 adults were
produced. In previous tests in which S. oryzae was exposed on wheat treated with 300 ppm of the
Protect-Its formulation of DE and held at 22�C, 27�C, and 32�C, 40%, 57%, and 75% r.h., all
weevils were killed after 1 week at 40% and 57%, while exposure intervals of up to 3 weeks were
needed for 100% kill at 75% r.h. (Arthur, 2002).
DE dusts may be more effective on wheat than on maize (Subramanyam et al., 1994). There are

several reports of trials in tropical Africa (Barbosa et al., 1994; Gudrups and Golob, 2000) and in
China (Ling et al., 2000) where different commercial formulations of DE applied to maize
did not control stored-product insects, especially at higher relative humidities or moisture
contents. In my tests, no S. oryzae survived exposure on wheat treated with F2, whereas some
survival of S. zeamais occurred on treated maize. It is difficult to make a direct comparison
because survival could also have been related to the different species in addition to any
variation between the two commodities. Although no F1 adult S. zeamais were found in treated
maize, similar to results for S. oryzae in treated wheat, the number of F1 S. zeamais in
untreated control maize was much lower than corresponding F1 S. oryzae in untreated wheat.
This difference may have been related to the relative difference in the size of the maize kernel
compared to a wheat kernel, the nutritional differences between maize and wheat, or the high oil
content in maize.
Survival of T. castaneum on maize at the various treatment combinations was often greater at

75% compared to 57% r.h., indicating the expected reduction in compound efficacy at higher r.h.
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levels (Golob, 1997; Korunic, 1998). A positive effect was noted in some instances with
temperature, which is consistent with most studies involving efficacy trials with DE (Arthur,
2000b; Subramanyam and Roesli, 2000). However, this temperature effect is not always
consistent. Fields and Korunic (2000b) reported lower mortality of T. castaneum exposed at 30�C
compared to 20�C, the reverse for the rusty grain beetle, Cryptolestes ferrugineus (Stephens), and
mixed results with S. oryzae depending on the specific formulation of DE. Previous studies have
also reported difficulties in controlling T. castaneum on stored grains (Fields and Korunic, 2000a).
Again, few F1 of any stage were found in the treatments, indicating susceptibility of larvae to the
F2 formulation, but it is difficult to assess reproductive inhibition because of the low number of
F1 adults in untreated maize compared to untreated wheat.
Little published information is available regarding efficacy of DE alone or in combination with

other insecticides on rough rice, especially with newer formulations. Several publications
(McGaughey, 1972; Ling et al., 2000) document difficulty in controlling insects on rough
rice with rates o1000 ppm, and indicate that higher application rates may be necessary.
In the current tests survival of R. dominica and S. oryzae did not exceed 5% on rough rice
treated with 100 ppm of the dust or slurry formulation of F2. Again, it was difficult to
assess treatment efficacy on reproduction because of the low numbers of F1 adults of both
R. dominica and S. oryzae in the controls held at 22�C and 32�C, compared to these same
species on untreated wheat. Both of these insects are reared in laboratory colonies on wheat,
which partially accounts for the fact that they did not reproduce as well on rough rice as they
normally would on wheat. However, there were fewer F1 on treated rice at 27

�C, in contrast to
untreated rice, and coupled with the obvious difference in survival, the treatments were obviously
effective on rice.
One of the limitations of DE is its negative effects on physical properties of grain, and these

effects seem to have consistent trends, with some variation, among the various grain crops
(Korunic et al., 1996; Korunic et al., 1998). Some effects on physical properties can occur even
when products are used at the recommended label rates, particularly at the higher rates required
to kill R. dominica and T. castaneum (Korunic et al., 1998). Given the effects of desiccant dusts on
the physical properties of grain, it may be more realistic to evaluate DE products for potential use
as surface treatments rather than treatments to the entire grain mass. The results of this study
show combinations of DE with conventional chemicals could be used to control insects in stored
commodities. However, although there is tremendous potential in using DE in combination with
other insecticidal products, regulatory approval must be obtained for each constituent product in
the formulation mixture, as well as the combination. This process can vary from country-to-
country, along with the economic and social costs required for registration. Also, commercial
sources of DE vary greatly in efficacy and performance (Korunic, 1997; Fields and Korunic,
2000a), and results from one DE product are not necessarily transferable to others.
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