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Abstract

Environmental and human health problems associated with the use of synthetic pesticides have
prompted the demand for non-polluting, biologically speci®c insecticides. The current study tested the
use and action of diatomaceous earth against several stored product pests. Fossil Shield1 applied to
wooden plates was lethal to adult Tenebrio molitor and Tribolium confusum, but larvae of the mealworm
were una�ected. Beetles died within 14 days exposure in the absence of food to a dose of 2 and 4 g/m2,
but mortality was reduced in those fed grain bran. Fossil Shield1 was lethal to ®rst instar larvae of
Plodia interpunctella, but not lethal to older larval stages. Two-week old larvae of T. confusum were
more sensitive to diatomaceous earth than P. interpunctella at the same age. Contact with diatomaceous
earth caused adult Sitophilus granarius, T. molitor and T. confusum to lose weight and reduced their
water content, suggesting disruption of ``the water barrier''. Death of stored product insects treated with
diatomaceous earth decreased with increased r.h., due to reduced transpiration through the cuticle. High
r.h. delays, or above 60% can prevent, the drying action of diatomaceous earth. 7 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Use of amorphous diatomaceous earth for pest control in stored products and in the ®eld
has increased during recent years. Diatomaceous earth and arti®cial silica dusts have been
reported to be e�ective alternatives to chemical pesticides for control of insect pests in stored
products, e.g. when applied to grain or to the walls of storage facilities (McLaughlin, 1994;
Golob, 1997). Furthermore, silicate dust is used to control household pests (Melichar and
Willomitzer, 1967), structural pests (Ebeling and Wagner, 1959) as well as to protect plants in
the ®eld (Ebeling, 1971).
Use of dusts to control arthropod pests in stored products is not new. Sand, clay and ash

have been used for centuries (Ebeling, 1971). Zacher was the ®rst since 1900 to study this
topic. He described the mode of action of inert dust and metal oxides on insects (Zacher and
Kunike, 1931). At ®rst the use of SiO2-dusts was regarded as problematic because of reports
that linked crystalline particles to silicosis (black-lung diseases; Zaidi, 1969). Diatomaceous
earths are amorphous dusts and are no longer considered hazardous to human health in
contrast to crystalline dusts, if they are used correctly and exposure time is short (Ferch et al.,
1987). Several modi®ed diatomaceous earth products (e.g. Dryacide1) and other amorphous
silica dusts are commercially available in Australia (McLaughlin, 1994). The product Silico-
Sec1 was ®rst approved for use in Germany in 1997. Natural and arti®cial preparations are
applied as dusts, spray powder, suspensions or granules.
Silica dusts gave variable results when used against di�erent target organisms (Korunic,

1997a, b). To understand the basis for the variability it was necessary to determine the mode
of action of the dusts. Di�erent theories were proposed: (1) surface enlargement of the
integument following dehydration (Zacher and Kunicke, 1931); (2) impairment of the digestive
tract (Smith, 1969); (3) blockage of spiracles and tracheae (Webb, 1945); (4) ad- or absorption
of cuticle lipids (Ebeling, 1964) and/or (5) damage of the protective wax layer (Wigglesworth,
1942; Beament, 1945). Furthermore, some authors related ad- and/or absorption to symptoms
of dehydration (Ebeling and Wagner, 1959) and to weight loss (Alexander et al., 1944).
Detailed mechanisms of dehydration are unknown.
The current study was designed to determine the mode of action and e�cacy of

diatomaceous earth. We tested e�cacy of the diatomaceous earth product Fossil Shield1

against four species of stored product pests [Sitophilus granarius (L.), granary weevil, Tribolium
confusum du Val, confused ¯our beetle, Tenebrio molitor L., mealworm, and Plodia
interpunctella (HuÈ bner), Indian meal moth].

2. Materials and methods

Insects used in the study were obtained from the Federal Biological Research Center for
Agriculture and Forestry in Berlin (Institute of Stored Product Protection). T. confusum, T.
molitor and P. interpunctella were reared on bran enriched with yeast and sugar, whilst S.
granarius was reared on wheat, in a climate chamber at 25218C and 6222% r.h.
The diatomaceous earth product Fossil Shield1 has a particle size of 5±30 mm and is

composed of 73% amorphous SiO2, 3% aerosol and other mineral compounds.
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2.1. Treatment of the plywood plates with Fossil Shield1

Fossil Shield1 was applied evenly through a sieve to plywood plates at dosages of 0, 2 and
4 g/cm2. Wheat bran was ®rst evenly distributed on half of the plate. Te¯on coated glass
cylinders were then placed on the plates. There were six treatment variations and six replicates.
Plywood plates were placed in a climate chamber at 252 18C and 622 2% r.h., three days
prior to placing insects in the glass cylinders. Adults or larvae of T. confusum and T. molitor
were weighed before being placed in the cylinders. The numbers of insects, stages per glass
cylinder and dates of observation were di�erent for each species and trial (Table 1). The initial
water content of test species and growth stages were determined. After 7 and 14 days, half of
the di�erent treatment variants were used for water content determination. The water contents
were calculated as di�erences between fresh and dry weight. Beetles were placed in a drying
cabinet for one day to determine the dry weight.

2.2. Treatment of the larvae of P. interpunctella and T. confusum

The trials were done in small covered glass containers with 10 replicates. In the ®rst series a
dosage of 4 g/m2 was added to each jar, except in the controls. Furthermore, wheat grains
were added in other glass containers, which had been untreated or dusted with 1 and 2 g Fossil
Shield1 per kg, respectively. The tests were done with 50 1st instar as well as with 50 two-week
old larvae (3rd and 4th instar) of P. interpunctella and T. confusum, 1st instar larvae are very
sensitive to lower humidity, so r.h. was set at 7222%. The climate chamber had a temperature
of 252 18C. Mortality of P. interpunctella stages was determined after 1, 2, 3 and 28 days.
Two-week old larvae of P. interpunctella and T. confusum were counted after 2, 4, 7 and 28
days.

2.3. Treatment of Sitophilus granarius with Fossil Shield1

For examination of the in¯uence of r.h., addition of food and Fossil Shield1 on the weight
change and the mortality of S. granarius, the beetles were conditioned as follows: (1) freshly
hatched and water washed beetles were used, (2) beetles were separated in microtiter-plates (96
wells per plate) and placed in a climate chamber for 2 days (2528C and 6222%) and (3) the
beetles were kept without food to minimise weight change due to feeding.
The experiments were conducted at 25218C in desiccators at eleven di�erent humidities (0,

10, 20, 32, 43, 50, 60, 71.5, 80, 90 and 97.5% r.h.; Winston and Bates, 1960) with 32 granary

Table 1
Date of observations to determine weight and mortality of insects exposed to Fossil Shield1

Species Stage No. of insects per glass cylinder Check dates (days)

T. confusum Adult 20 2, 5, 7, 9 and 13
T. molitor Adult 5 3, 7 and 14

T. molitor Larvae 5 5, 7, 12 and 14
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weevils exposed at each r.h. The following treatments per desiccator were used for the granary
beetles: (1) fed wheat grain, (2) treated with Fossil Shield1 with wheat added, (3) without
wheat and (4) treated with Fossil Shield1 without wheat. Weights of S. granarius beetles were
determined before and after treatment. Beetles were dipped in the diatomaceous earth and their
weights were determined after 1, 2, 3, 4 and 7 days, or until they died if within this period.
Mortality was recorded. The feeding activity of the beetles was examined by checking the
wheat kernels for bore-holes.

3. Results

3.1. E�ect of Fossil Shield1 treated plywood plates on T. confusum and T. molitor

Fossil Shield1 signi®cantly reduced the survival of adult T. confusum and T. molitor after 7
days exposure on plates without food (ANOVA 2-way; p < 0.0001; Fig. 1); after 14 days
survival was nil. There was no signi®cant di�erence in survival between doses of 2 and 4 g/m2

in T. confusum (Tukey's-Test, p = 0.005), but only after 7 days exposure to 4 g/m2 did all T.
molitor beetles die.
Adult T. confusum exposed to Fossil Shield1 for 7 days without food lost 20% of their

initial weight, in contrast to a mean loss of 10% among controls. Associated with weight loss
was a reduction in water content (Fig. 2). Fossil Shield1 at 4 g/m2 reduced water content by
40%. Exposure to Fossil Shield1 also caused weight loss among adults of T. molitor. Treated
adults lost 21% of their initial weight; whereas non-treated adults lost 12%.
The survival of T. molitor larvae was una�ected by exposure on treated plywood plates. All

Fig. 1. Mean percentage survival of T. confusum and T. molitor adults on plywood plates treated with Fossil
Shield1 (25218C and 6222% r.h.).

I. Mewis, Ch. Ulrichs / Journal of Stored Products Research 37 (2001) 153±164156



larvae lost weight, but there were no di�erences among treatments and controls. Furthermore,
the water content of larvae did not change.

3.2. E�ect of Fossil Shield1 on larvae of P. interpunctella and T. confusum

Percent survival was nil for 1st instar larvae of P. interpunctella exposed to Fossil Shield1

for 1 day (Fig. 3). Signi®cantly more than zero 1st instar larvae survived among the controls

Fig. 2. Mean water content of T. confusum adults exposed to plywood plates treated with Fossil Shield1 without
and with food (+Fo) (25218C and 6222% r.h.).

Fig. 3. Mean percentage survival of various larval stages of P. interpunctella and T. confusum after exposure to
Fossil Shield1 and in the controls (25218C and 6222% r.h.).
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(hierarchical analyses of variance; p < 0.0001). Fossil Shield1 was ine�ective against older
larval stages of P. interpunctella, in contrast to 1st instar. Cannibalism among larvae was
observed.
More 3rd and 4th instar larvae of T. confusum than P. interpunctella died when exposed to

Fossil Shield1 (Fig. 3). Signi®cantly more larvae of T. confusum died in the Fossil Shield1

treatment than in the control (hierarchical analyses of variance: p < 0.0001). After 4 days,
nearly all larvae died when exposed to Fossil Shield1.

3.3. In¯uence of food on Fossil Shield1 e�cacy

By adding wheat bran to Fossil Shield1-treated plywood plates, mean survival of T.
confusum adults increased signi®cantly (hierarchical analyses of variance: p < 0.0001; Figs. 1
and 4). All adults died by day 13 with food only at a Fossil Shield1 dosage of 4 g/m2.
Contrarily, all adults of T. molitor exposed to Fossil Shield1-treated plywood plates (2 or 4 g/
m2) with food died by day 14 (Fig. 4). T. molitor adults fed wheat bran survived longer than
unfed beetles at 2 g/m2 Fossil Shield1; whereas, at 4 g/m2 all adults died by day 14 whether
fed or unfed (Figs. 1 and 4).
Control T. confusum beetles fed wheat bran had a weight increase of 3±4%, but adults

exposed to treated plywood plates lost weight. Weight loss occurred more slowly among adults
on treated plywood plates with food than without. Interestingly, beetles exposed to Fossil
Shield1 and wheat bran showed a reduced water content, but not to the extent of beetles
without food (Fig. 2). Similarly, the addition of wheat bran reduced weight loss of T. molitor
adults exposed to Fossil Shield1.

Fig. 4. Mean percentage survival of T. confusum and T. molitor adults on plywood plates with food (+Fo), treated
with Fossil Shield1 (25218C and 6222% r.h.).
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All 1st instar larvae of P. interpunctella died after 1 day exposure to Fossil Shield1-treated
wheat grain (Fig. 5). However, there was no treatment e�ect among 3rd and 4th instar larvae.
T. confusum larvae survived longer if they fed on grain (Figs. 3 and 5). From day 2 onwards

mean survival was signi®cantly greater on grain treated with 1 g/kg than with 2 g/kg (Fig. 5,
hierarchical analyses of variance: p<0.0001).

3.4. In¯uence of relative humidity and food on e�cacy of Fossil Shield1 against S. granarius
(L.)

Signi®cant di�erences were observed in the survival of unfed untreated S. granarius adults
and those treated with Fossil Shield1 at di�erent r.h. (ANOVA, 3-way: p < 0.0001). All
beetles died in the microtiter-plates at 0%, 10% and 20% r.h. (Fig. 6). Survival of untreated
beetles increased above 20% r.h. but the increase in survival of S. granarius treated with Fossil
Shield1 occurred principally above 80% r.h. In contrast to control insects, signi®cantly more
adults died after treatment with Fossil Shield1 at r.h. 20±80%. Clearly, the toxic e�ect of
diatomaceous earth on S. granarius decreased with increasing r.h.
The weight change in S. granarius was dependent on r.h., food availability and treatment

with Fossil Shield1 (ANOVA, 3-way: p < 0.0001). Weight loss increased as r.h. decreased
among treated adults (Fig. 7), but less so when food was present. The highest weight loss was
20±25%, which occurred among unfed beetles treated with Fossil Shield1 and at r.h. 0±30%.
Control beetles did not lose weight when the r.h. was above 60% without food or 30% with
food. In contrast, treated adults lost weight at all r.h.'s without food and below 60% r.h. with
food. Weight reduction by more than 30% of the initial weight was not observed among
surviving beetles. High weight loss runs parallel to high mortality among beetles.
Survival at 7 days among treated and untreated S. granarius was signi®cantly higher at all

r.h.'s when adults fed on grain (ANOVA, 3-way: p< 0.0001). Adults, with access to food and

Fig. 5. Mean percentage survival of various larval stages of P. interpunctella and T. confusum on Fossil Shield1

treated food (25218C and 6222% r.h.).
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treated with Fossil Shield1, showed no mortality above 40% r.h., whereas unfed beetles
required above 90% r.h. to survive well.
The presence of food signi®cantly reduced weight loss, which was also dependent on low r.h.

and treatment (ANOVA, 3-way: p < 0.0001). Nevertheless, treated adults always weighed less
than controls. Beetles treated with Fossil Shield1 and fed, lost weight at r.h. below 60%, but
showed a weight increase up to 105% at higher r.h. Control beetles given food increased their
weight above 30% r.h. and up to 112%.
The same number of bore-holes by S. granarius were found in treated and untreated wheat.

Di�erences in feeding activity of the beetles were observed at di�erent r.h. Below 40% r.h. few
or no bore-holes were found, but at higher r.h. all beetles showed a readiness to feed.

Fig. 6. Mean percentage survival of S. granarius at di�erent r.h., after 7 days (Fossil Shield1=FS, Contr=Control

and food=+Fo; 25218C).

Fig. 7. Mean percentage weight change of S. granarius adults at di�erent r.h., after 7 days (Fossil Shield1=FS and
food=+Fo; 25218C).

I. Mewis, Ch. Ulrichs / Journal of Stored Products Research 37 (2001) 153±164160



4. Discussion

Exposure of T. confusum and T. molitor adults to Fossil Shield1 treated wooden plates at
258C, 62% r.h., was lethal within 14 days, if they could not feed. The addition of food
counteracted the e�ectiveness of dusts against T. confusum, as evidenced by the longer survival
times of treated beetles when given nourishment and the need for higher dosage rates to
achieve control. The delayed or reduced e�ect of dusts against T. confusum given nourishment
could be attributed to metabolic water production by beetles from the substrate. Watters
(1963) also reported reduced e�ect of aerosil dust SG 671 on T. confusum given food.
Dosages of 2 and 4 g Fossil Shield1 per m2 were ine�ective against T. molitor larval stages

(3rd and 4th instar). In contrast, adults of T. molitor showed high mortality. Furthermore,
Fossil Shield1 was more e�ective against adults of T. molitor than those of T. confusum. Our
results support those of Ebeling (1961) and Aldryhim (1990) who observed higher resistance to
silica dusts in T. confusum than in the other stored product pests S. granarius, Oryzaephilus
surinamensis (L.) and T. molitor. The sensitivity of insects to diatomaceous earth depends on
their morphological structure and physiology (Korunic, 1997b). Diversity in lipid structure of
insect cuticle among species was ®rst reported by Hackman (1964). Neville (1975) concluded
that each species has a unique cuticle composition linked to environmental factors. The
di�erent reaction of larvae and adults to diatomaceous earth might be explained by inherent
di�erences in cuticular compounds between stages. Composition of epicuticular lipids is
di�erent in young and old larval stages of Locusta migratoria migratorioides L. as well as in
adults and larvae of Pteronarcys californica (Newport) (Armold et al., 1969). On the other
hand, there are also physiological/morphological di�erences between adults and larvae of the
mealworm. T. molitor larvae are able to take up water from surrounding air through some
areas of the rectal complex (Noble-Nesbitt, 1990b). In contrast, larvae just prior to pupation,
like adults, cannot absorb water from the air. Di�erences between the cryptonephridial systems
of T. molitor larvae and beetles also were found by Noble-Nesbitt (1990a). The ability of
larvae to absorb water and thereby to counteract the drying e�ects of dust, also might explain
di�erences in sensitivity to diatomaceous earth between the two stages.
The use of diatomaceous earth as a surface treatment against T. confusum as well as T.

molitor might be possible in the grain milling industry and in bakeries. Potential interactions of
diatomaceous earth and ¯our dust remain to be determined.
Diatomaceous earth had no lethal e�ect on older larval stages (3rd and 4th instar) of P.

interpunctella. However, T. confusum larvae of the same age showed a higher mortality than P.
interpunctella. We also found that the e�cacy of dusts increases when larvae could feed on
wheat kernels. In contrast to older stages of P. interpunctella, all 1st instar died after exposure
to Fossil Shield1 for 1 day. The high surface to volume ratio in the one instar might explain
their sensitivity to dusts, manifested by water loss through cuticle. The chemical composition
of the cuticle depends on the developmental stage and could in¯uence the e�ect of dusts.
Subramanyam et al. (1998) published similar results. These authors tested the diatomaceous
earth Insecto1 against several larval stages of P. interpunctella and observed a decrease in
e�cacy with age of larvae. The di�erent e�ects of Fossil Shield1 on larvae of T. confusum and
P. interpunctella of the same age (3rd and 4th instar), might be caused by species di�erences in
morphology and physiology.
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Fossil Shield1 may not be e�ective against older larval stages of T. confusum and P.
interpunctella, but stored grain treated with diatomaceous earth can be protected from
continued infestion by moths of P. interpunctella, because 1st instar die directly upon contact
with the dust.
Results presented here showed a relationship between high mortality and the weight/water

loss of treated beetles. During the trial exposures, S. granarius beetles that survived lost a
maximum 30% of their weight, if they could not feed. We found similar results with adults of
T. molitor as well as T. confusum exposed to diatomaceous earth-treated wooden plates.
Alexander et al. (1944) also observed that S. granarius beetles lost 30% weight after exposure
to di�erent silica dusts. Ebeling and Wagner (1959) described 30% weight loss as a critical
value and further weight reduction caused a cessation of essential life processes. Why insects
lose weight and die after exposure to dusts is unknown. Beetles unfed and treated with
diatomaceous earth had a higher weight loss than adults unfed and untreated. Consequently,
mortality should be attributed to factors other than reduction in energy reserves. After a one
day exposure to diatomaceous earth S. granarius beetles had a signi®cant lower weight and
water content than the controls (Mewis and Reichmuth, 1998). Therefore, most weight loss in
dusted beetles is a result of dehydration. Larvae of T. molitor do not exhibit weight loss and
mortality after treatment with diatomaceous earth. Neither did they show a signi®cant change
in water content after dusting. We conclude that dusts do not dehydrate mealworm larvae.
Humidity in¯uenced the e�ect of the diatomaceous earth on S. granarius. Beetles, dusted

with Fossil Shield1 and unfed, showed an increase in weight loss and mortality as r.h.
decreased. Variation in the e�ect of diatomaceous earth on S. granarius at di�erent humidities
can be explained by di�erential movement of water through cuticle and spiracles. Water loss
from insects usually decreases at high r.h. (Hadley, 1994). Consequently, dehydration by silica
dusts decreases at high r.h. It is evident, therefore, that dust e�cacy depends on r.h. because
the primary e�ect of diatomaceous earth is to damage cuticle layers, which leads to water loss.
By adding food the lethal e�ect of diatomaceous earth against the stored product pests S.

granarius, T. molitor, T. confusum and P. interpunctella was slowed or prevented. Le Patourel
(1986) proposed that insects given nourishment exhibit tolerance to dust because they obtain
metabolic water from the food and thereby compensate for water loss. Our results con®rm the
hypothesis of Le Patourel (1986) by showing less weight loss and higher water content of
dusted insects if they were fed. Furthermore, the results showed that insects exposed to silica
dusts continue to feed; the observed numbers of feeding points among the wheat kernels by
untreated and treated S. granarius were similar. Our results disprove the hypothesis of several
authors, who earlier had proposed that the action of dusts was linked to their e�ect on the
insect digestive system (Smith, 1969). It is true, that Alexander et al. (1944) as well as David
and Gardiner (1950) found the dusts neosyl or carborundum in the guts of S. granarius, but
the accumulation of both substances could not be correlated with mortality.
The sorptive and abrasive e�ect of Fossil Shield1 to pupae of T. molitor were examined by

Mewis and Reichmuth (1999). Pupae dusted with Fossil Shield1 showed signi®cant weight loss
after 1 day. Continued exposure resulted in higher mortality relative to controls. We conclude
therefore, that the principal e�ect of diatomaceous earth is sorptive not abrasive. Ebeling
(1971) related the sorptive e�ect of dusts to their absorption by insect integument and by their
absorption of fat from the epicuticle layers. He opined that insects die from water loss through
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the cuticle. Destruction of epicuticular layers in pupae treated with diatomaceous earth leads to
water loss and subsequent weight loss. Furthermore, the abrasion of T. molitor pupae with
aluminium did not signi®cantly e�ect weight loss. We conclude, therefore, that the action of
diatomaceous earth is primarily determined by the sorptive properties of dust particles, and
e�cacy is in¯uenced by the physiology and morphology of individual insects.
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