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FOREWORD

The Department of Primary Industry and the Australian Centre for International
Agricultural Research (ACIAR) are delighted to be associated in the publication of
Mr J.T. Snelson’s monograph ‘Grain Protectants’.

The Department’s responsibility for administering the Export (Grain) Regulations has
brought it into a close working relationship with those people and organisations
responsible for the production, storage, transport, inspection and marketing of all types of
grain, and thus into an involvement with the control of stored-product pests. The
importance of the wealth of scientific information on effective, efficient and acceptable
procedures for controlling stored-product pests is therefore well understood.

The problems involved in providing Australia’s international trading partners with high
quality grain, free from insect pests, their damage, excreta and fragments have received
high priority at all levels of government, industry and private enterprise. Innovative
measures that are now regarded as mileposts in grain storage technology gradually
evolved until they reduced these problems to manageable proportions. There is no doubt
that the dedication, determination and co-operation of a relative few key personnel in the
grain trade, grain storage industry, research organisations, government and chemical
industry have been mainly responsible for the high levels of freedom from stored-product
pests for which Australian grain is now recognised.

During the period 19671986 when Jack Snelson served as Commonwealth Pesticides
Co-ordinator in the Department of Primary Industry he was initimately involved in all
aspects of the efforts to eliminate stored-product pests from commercial grain handled in
and exported from Australia. For 13 years he served as Chairman of the Australian Wheat
Board Working Party on Grain Protectants where he made a substantial contribution in co-
operation with all who served to ensure the success of its research and development.

Mr Snelson was a member of the FAO Panel of Experts on Pesticide Residues in Food
and the Environment and the Joint FAO/WHO Meeting of Experts on Pesticide Residues
for 17 years. During this period he was responsible for evaluating much of the scientific
data on residues of grain protectant insecticides and, with his colleagues, for establishing
recommendations for international maximum residue limits for these insecticides in food.
He served in a similar capacity on the corresponding Australian body, the Pesticides and
Agricultural Chemicals Committee of the National Health and Medical Research Council.

As Australian delegate to the Codex Committee on Pesticide Residues between 1967
and 1985, Mr Snelson found that many officials concerned with food inspection and food
laws in both industrialised and developing countries had not had the opportunity to
consider the need to use grain protectant insecticides to protect world food supplies or to
gain an insight into the nutritional, social and economic consequences of stored-product
pests. He recognised the difficulty which administrators and scientists faced because the
extensive scientific literature was fragmented, and realised that few had had the chance of
considering the many data relating to the biological activity of grain protectants, their
properties and fate, and the safety of residues remaining in prepared foods.

In 1978 he began the task of reviewing and summarising the literature in his spare time.
However, the volume of information to be handled and work pressure saw this activity
shelved until just before his retirement in February 1986. Even so, it has taken almost 12
months of meticulous work to collect, collate and review the more than 2300 publications
which form the basis of this monograph.



The Department was pleased to encourage and assist by providing word processing and
library facilities, and it is a pleasure to see how these have been put to such good effect.

ACIAR'’s decision to publish ‘Grain Protectants’ is in accord with the Australian
Government’s support for the greater and more effective utilisation of Australia’s
scientific research and technology capability to assist the economic and social
advancement of our Asian-Pacific neighbours.

In important areas of science and technology, particularly in aspects of agriculture,
Australia has developed unique capabilities. In particular, we have succeeded in applying
many of the principles developed in relation to temperate agriculture to the solution of
problems of the tropics.

The subject matter of this monograph is a good example of this. It should enable
developing countries to apply the scientific information and practical experience gained in
Australia and elsewhere to resolve many of their own problems in the confident
knowledge that the safety and acceptability of the control measures have been carefully
and independently evaluated and approved. It also draws attention to the fine work of
scientists in many countries who have devoted their talents to finding ways of safely
eliminating losses and difficulties due to stored-product pests and provides encouragement
to apply modern scientific discoveries in solving age-old problems.

The book is published as part of the activities of the ACIAR Grain Storage Research
Program, which aims to enhance the capacity of developing countries to identify and
overcome constraints to the safe storage of grain, thereby decreasing losses through
spoilage. Ensuring correct use of suitable grain protectants is central to this aim.

We are sure that this monograph will serve the needs of scientists, grain storage
technologists, the grain trade and administrators concerned with grain handling, food
standards and consumer safety now and for many years to come.

It should also bring about a better understanding of the problems which face peoples
living in those regions where temperatures and/or humidities are high and where insect
pests present serious problems to those producing, storing and handling grain. The
realisation that these problems can be brought under control by simple measures which
have proven effective, convenient, economical and safe should bring forward the day
when the world no longer has to produce food merely to replace what has been damaged
or devoured by hungry pests.

If this can happen the work of the author and all those scientists whose labours made
this monograph possible will not have been in vain.

Geoff L. Miller J.R. McWilliam
Secretary Director
Department of Primary Industry ACIAR
Canberra Canberra

March 1987
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Preface

Grains, such as wheat, rice, corn, millet etc., and
legumes, such as beans, lentils and peas, form a large part
of the diet of the world’s population. These products are
stored as dry seeds and form the only real reserve of food.
However, all of them are subject to attack by a variety of
insects that cause great damage and loss of nutritious
foods, and thus give rise to one of the causes of
malnutrition in many lands. Subrahmanyan (1962)
indicated that the world’s total food could be increased by
25-30% if we could avoid post-harvest losses of our food.
Bakal (1963), in his Mathematics of Hunger, estimated
the annual food losses due to rats, insects and fungi at 33
million tonnes, enough seed foods to feed the population
of the United States of America for 1 year. Why does the
world continue to tolerate the feeding of enormous
populations of insects at the expense of hungry and
starving people?

The Food and Agriculture Organization of the United
Nations (FAQO) pointed out in 1973 that world food
supplies no longer provided an adequate buffer against
crop failure and starvation; food supplies for millions of
people depend almost entirely on each year’s harvest. At
least 10% of harvested food crops are destroyed by pests
in storage, and losses of 30% are currently common in
large areas of the world (Hall 1970), especially in some of
the tropical and sub-tropical areas where the need for
increased food is greatest. In some of these regions, a
certain amount of insect infestation in grains and other
food products is accepted as normal but in many
developed countries strict control of stored-product in-
sects is dictated not only by economic necessity but also
by strict government standards concerning permissible
contamination.

The inadequate supply of food in developing countries
has long been recognised as one of the major problems
that needs attention because a population that is not well
fed is prone to deficiency diseases, more susceptible to
infectious diseases and does not have the energy to work
hard. Both multi-lateral and bi-lateral organisations have
recognised this problem and have devoted a large
proportion of their aid efforts to increasing the production
of food. However, increasing the production of food is not
the real goal of these activities. The real goal is to put
more food regularly into the mouths of the people and this
requires not only the production of more food but also
moving that food through the delivery system all the way
to the point of consumption. Most attempts to increase the
world food supply have failed to recognise that the food
must be delivered to the ultimate consumer through the
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post-harvest system without significant loss. Bourne
(1977) in his excellent review Post-Harvest Food Losses
— the Neglected Dimension in Increasing the World Food
Supply drew attention to the critical position and proposed
a series of practical measures for bringing about the
necessary improvement.

The attention of the world was drawn to the problem of
post-harvest food losses by the US Secretary of State,
Dr Henry Kissinger, at the World Food Conference ‘that
was held in November 1974 in Rome. In his keynote
address at the opening session of the World Food
Conference, Secretary Kissinger said:

Another major priority must be to reduce losses from

inadequate storage, transport and pest control.

Tragically, as much as 10% of the country’s food

production is often lost after harvesting because of

pests that attack grain in sub-standard storage
facilities. Better methods of safe storage must be
taught and spread as widely as possible. Existing
pesticides must be made more generally available.

Many of these techniques are simple and inexpen-

sive; investment in these areas could have a rapid

and substantial impact on the world’s food supply.

The attention of the political world was again drawn to
the problem of post-harvest food losses by Dr Kissinger in
an address presented at the Seventh Special Session of the
UN General Assembly on 1 September 1975 in New
York. In this address, Dr Kissinger said:

Another priority in the poorest countries must be to
reduce the tragic waste of losses after harvest from
inadequate storage, transportation and pest control.
There are often simple and inexpensive techniques to
resolve these problems. Investment in such areas as
better storage and pesticides can have a rapid and
substantial impact on the world’s food supply;
indeed, the savings could match the total of the food
aid being given around the world. Therefore, we
urge that the Food and Agriculture Organization, in
conjunction with the UN Development Program and
the World Bank, set a goal of cutting in half these
post-harvest losses by 1985, and develop a compre-
hensive program to this end.

This challenge from Dr Kissinger was taken up by the
UN General Assembly in that Session and on 19
September 1975 one of the resolutions of the UN General
Assembly was:

The further reduction of the post-harvest food losses

in developing countries should be undertaken as a

matter of priority, with a view to reaching at least a



50% reduction by 1985. All countries and competent

international organisations should co-operate finan-

cially and technically in the effort to achieve this
objective.
This resolution has drawn the attention of the highest
levels of government around the world to the problem of
post-harvest food losses.
A recommendation to use or not to use pesticides at the
small farm level is an important one, as it affects many
people. It is estimated that over 100 million farms are less
than 5 ha in size and of these over 50 million are less than
1 ha (the President of the World Bank quoted in Brader
1979).
As long as the farming practices and varieties grown
remain ‘traditional’, food losses on the small farm are
probably of little importance. There is at present ample
evidence that storage losses may increase considerably
when traditional farming is changed, so a modernisation
of agricultural production makes changes in storage
practices unavoidable. The financial means of each
individual are very limited. Sophisticated storage methods
are mostly out of reach. With insecticides, storage losses
can be prevented at relatively low cost. The distribution of
insecticides and the organisation of the extension of their
use poses, however, seemingly insoluble problems.
De Las Casas (1984) described FAQ’s Program on
Prevention of Food Losses which began with a request of
the Director-General of FAO in 1975 for a survey of the
position in member countries. Responses were received
from 51 countries. Most of the reports concerned losses of
durables and the need to reduce them, but surprisingly
enough, despite the high losses reported from many
countries, there was no indication of steps being taken to
bring about their reduction. Insects were clearly identified
as the most important cause of loss in all types of storage,
followed by fungi and rodents. The report regarding the
various countries reflected a general unawareness of the
cause/effect relationship of losses. The magnitude of such
losses was generally not well known.
A call for international action was made in 1975 at the
7th Special Session of the United Nations General
Assembly, where a resolution was passed calling upon
member states to reduce post-harvest food losses by 50%
by 1985. It was clearly stated that countries should
commit themselves fully to food loss reduction by
establishing a national policy and implementing an
effective plan of action. FAO has been the leader within
the UN system. Its Action Program for the Prevention of
Food Losses (PFL) was approved by the 19th Session of
the FAO Conference, in November 1977. This action
program, as formulated in 1976, identified three major
constraints to post-harvest loss prevention in the develop-
ing world: _
1. lack of information concerning the magnitude of the
losses, their nature, causes and the most effective
techniques for reducing or preventing them;

- 2. lack of infrastructure for the implementation of loss
prevention measures;

viii

3. lack of investment in food loss prevention.

In formulating the FAO Action Program for the
Prevention of Food Losses certain priorities have been set
in order to achieve a significant impact within a relatively
short time. Thus, in its initial phase, the program has
concentrated on reducing post-harvest losses in food
grains, roots and tubers, since these foods constitute the
staple foods of developing countries. The basic purpose of
the program is to assist the countries in planning and
implementing national food loss reduction programs.
Direct action projects have been implemented to improve
storage structures and design, construct and manage pilot
warehouses, provide small-scale grain dryers, improve
processing facilities, organise activities on quality control
and pest management, improve rodent control and carry
out training at all levels and in all aspects of the post-
production system.

PFL direct action projects carry out activities in five
main areas:

1. food loss assessment surveys, which are considered
as the basis for action programs for food loss
reduction;

2. provision of practical assistance to governments to
combat losses at various stages in the post-harvest
food system;

3. training and building up national capabilities;

4. establishing national focal points for food loss
reduction programs;

5. strengthening research, development and informa-
tion programs.

At the end of December 1982, the number of projects
had reached 108, with a total allocation of $US34.2
million. Of these projects, 88 were either completed or
had reached the state of generating some outputs. The
regional distribution of PFL activities shows 30% in
Africa, 29% in Asia and the Pacific, 19% in Latin
America and the Caribbean, and 14% in the Near East and
North Africa.

PFL activities are restricted to staple foods: cereals
(rice, maize, wheat, sorghum and millet), pulses and roots
and tubers. Pest control activities were carried out by 46
of the 88 completed projects. In most of them, pest
control activities have proved to be acceptable, but it has
been concluded that this particular component needs to be
reviewed. A review of the pest management practices and
an evaluation of their adequacy, an assessment of the
validity of experimental trials and interpretation of
resulting data are now being carried out. The aim is to
obtain guidelines for more effective preventative sanita-
tion practices, more economical and safer pest man-
agement action and more efficient training instruction,
which will be used by the PFL projects.

In the light of the experience gained, many remedial
measures have already been incorporated in subsequent
projects. For example, more attention has been devoted to
the socio-economic analysis of post-harvest practices,
pest management and quality control, the right approach



of overall activities, to include expertise on farm man-
agement and economics, food quality, home economics,
training and extension.

to technology transfer, as well as the economic viability
and social acceptance of the proposed new technology.

Experience to date indicates the need to broaden the scope
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1. Importance of Stored-Product Pests

That insects are a major cause of loss in stored grains and
seeds, as well as in many other kinds of stored food
products, should be too well recognised to need emphasis
here. They not only consume these materials but also
contaminate them with insect fragments, feces, webbing,
ill-smelling metabolic products and with a variety of
microflora; they therefore constitute a major sanitation
and quality control problem.

Many of these most important insects and mites found
in grain throughout the world have originated from the
Old World. Ships, trucks, trains and planes have
facilitated their distribution throughout the grain growing
and grain handling regions of the world. Once established
in a granary, insects can damage stored grain by feeding
on it, lowering germination, spoiling its appearance,
lowering its milling quality, producing off-odours, caus-
ing it to heat and by creating conditions favourable to the
growth of moulds.

The insects and mites that attack stored grain have
features which distinguish them from those found on
growing crops. Most are small, light-avoiding pests
capable of hiding in cracks and crevices, and of producing
several generations a year. They have become specialised
for feeding on dried animal and vegetable matter. Some
may survive on foods that contain as little as 1% water,
although the species that live on grain usually require not
less than 8% water. Some can also tolerate extremes of
temperature; indeed, these are the insect pests with which
we are chiefly concerned since those that cannot survive
the conditions under which grain is stored are not likely to
give us trouble (Watters 1959b).

Before crops were cultivated by man, the weevils and
Angoumois grain moth (Sitotroga cerealella) occurred
naturally in seeds on wild plants or in seeds gathered by
rodents, ants and other seed harvesting animals (Linsley
1944). Certain species were fungus feeders or scavengers;
several were wood borers or lived under loose, dead bark;
others inhabitated nests of social insects and birds. When
man began to store grain, these insects readily moved
from their original native habitat to man-made stores.
These pests have been carried by commerce to all parts of
the world. In the days of the sailing vessels, grain and
other dry foods swarmed with insects at the end of long
voyages.

Today, several hundred species of insects and mites are
associated in one way or another with stored grains and
their products. Fortunately, only a few cause serious
damage to seeds or cereal products in good condition.
Some feed on the fungi growing on spoiled grain or on

other dried vegetable materials. Others are predators or
parasites that attack the true grain pests. Environmental
conditions in various parts of the world are not equally
favourable for the development of all insect species, and
those species that are injurious in some areas barely exist
in others.

Cotton and Good (1937) listed the species found in
stored grain and processed cereal products in four
categories.

1. Major pests comprise those species responsible for
most of the insect damage to stored grain and cereal
products. They are particularly well adapted to life
in the stringent environment imposed by a bin of
grain.

2. Minor pests include an appreciably larger group that
may become damaging locally and occasionally
may approach the status of major pests. Frequently,
large populations develop in grain or in cereal
products going out of condition because of high
moisture and poor sanitation. Certain species Ptinus
villiger and Ahasverus advena, are indicators of
high-moisture grain; when they occur in abundance
in a grain mass, spoilage from moulds probably has
occurred.

3. Incidental pests are those insects that stray into an
unscreened or open-doored processing plant or into
open-doored box cars being loaded or standing in
the railroad yards. They include houseflies, roaches,
moths, or other insects that might have been
attracted to lights, odours or shelter — in fact any
insect that happens to alight on or crawl into grain or
grain products. Usually these insects are ignored by
grain handlers and food processors, but when a
moth or beetle accidentally gets into a package of
cake mix or breakfast food, it suddenly becomes a
major pest to the householder who opens the
package.

4. Parasites and predators of grain-infesting insects
frequently are found in bins of infested grain, where
they are as unwanted by grain handlers as are the
major pests.

Lists of stored-product pests, categorised by Cotton

and Wilbur (1974), are given in Tables 1.1 and 1.2.

Bauer (1984a) has provided useful data on important
behavioural aspects of the more important stored-product
pests in the form of a table which makes it easy to
compare vital features of different species and thus deduce
why some are much more pestiferous than others.

Singh et al. (1978) have edited a universal review of



Table 1.1. Alphabetical list of the major insect pests of stored grain (Cotton and Wilbur 1974)

Scientific Name Common Name Family
Acarus siro L. Grain mite Acaridae
Anagasta kuehniella (Zeller) Mediterranean flour moth Phycitidae
Cadra cautella (Walker) Almond moth Phycitidae
Cryptolestes ferrugineus (Stephens) Rusty grain beetle Cucujidae
Cryptolestes pusillus (Schonherr) Flat grain beetle Cucujidae
Cryptolestes turcicus (Grouv.) Flour-mill beetle Cucujidae
Ephestia elutella (Hiibner) Tobacco moth Phycitidae
Oryzaephilus surinamensis (L.) Saw-toothed grain beetle Cucujidae
Oryzaephilus mercator (Fauv.) Merchant grain beetle Cucujidae
Plodia interpunctella (Hiibner) Indian-meal moth Phycitidae
Rhyzopertha dominica (F.) Lesser grain borer Bostrichidae
Sitophilus granarius (L.) Granary weevil Curculionidae
Sitophilus oryzae (L.) Rice weevil Curculionidae
Sitophilus zeamais Motschulsky Maize weevil Curculionidae
Sitotroga cerealella (Olivier) Angoumois grain moth Gelechiidae
Tenebroides mauritanicus (L.) Cadelle Ostomatidae
Tribolium castaneum (Herbst) Red flour beetle Tenebrionidae
Tribolium confusum Duval Confused flour beetle Tenebrionidae
Trogoderma granarium Everts Khapra beetle Dermestidae
grain legume entomology involving contributions from Newly harvested, uninfested grain in farm storage may
over 20 individual countries concerning grain legume pest  become infested from many sources, including hold-over
complexes. infested grain, cracks, crevices, cadelle tunnels and

Table 1.2. Alphabetical list of the minor pests most frequently encountered in stored grain (Cotton and Wilbur 1974)

Scientific Name

Common Name

Family

Ahasverus advena (Waltl.)
Alphitobius diaperinus (Panzer)
Araecerus fasciculatus (DeGeer)
Attagenus piceus (Olivier)
Carpophilus dimidiatus (F.)
Carpophilus hemipterus (L.)
Caulophilus oryzae (Gyllenhal)
Corcyra cephalonica (Staint.)
Cynaeus augustus (LeConte)
Gnathocerus cornutus (F.)
Lasioderma serricorne (F.)
Latheticus oryzae (Waterhouse)
Liposcelis spp.

Palorus ratzeburgi (Wissmann)
Palorus subdepressus (Wollaston)
Ptinus claviceps (Panzer)
Ptinus villiger (Reitter)
Prostephanus truncatus (Horn)
Stegobium paniceum (L.)
Tenebrio molitor (L.)

Tenebrio obscurus (F.)
Tribolium audax (Halstead)
Trogoderma spp.

Typhaea stercorea (L.)

Foreign grain beetle
Lesser mealworm
Coffee-bean weevil
Black carpet beetle
Corn sap beetle

Dried fruit beetle
Broad-nosed grain beetle
Rice moth

Larger black flour beetle
Broad-horned flour beetle
Cigarette beetle
Long-headed flour beetle
Psocids

Small-eyed flour beetle
Depressed flour beetle
Brown spider beetle
Hairy spider beetle
Larger grain borer
Drugstore beetle

Yellow mealworm

Dark mealworm

Black flour beetle
Grain-feeding dermestids
Hairy fungus beetle

Cucujidae
Tenebrionidae
Platystomidae
Dermestidae
Nitidulidae
Nitidulidae
Curculionidae
Galleriidae
Tenebrionidae
Tenecbrionidae
Anobiidae
Tenebrionidae
Psocoptera
Tenebrionidae
Tenebrionidae
Ptinidae
Ptinidae
Bostrichidae
Anobiidae
Tenebrionidae
Tenebrionidae
Tenebrionidae
Dermestidae
Mycetophagidae




double-wall construction in bins or other parts of the
granary, whether empty or occupied; accumulation of
waste or spilled grain in or under the granary or machinery
and implements, or in empty grain and feed sacks;
imported feeds or seeds from infested sources, especially
elevator sweepings; migration by flight from nearby
infested sources; and, in many regions, field-infested
grain.

Sinclair and Haddrell (1985) conducted 3 surveys to
determine the extent of migration in a grain farming area
by 4 stored-products beetles: Tribolium castaneum and
Rhyzopertha dominica were found to be the predominant
migrants being active in the field from early spring to late
autumn. There was no clear relationship of catch with
nearby infestations, except over short distances. Average
density of beetles during flight peaks was estimated to be
about 52 per 100 m’. These insects represent a serious
potential for reinfestation of stored grain.

In commercial and government storage, uninfested
grain becomes contaminated from infested grain or wastes
on the premises unless exceptionally favourable sanitation
procedures have been followed. Many of the older
elevators, especially those of the wooden crib type, are
difficult to disinfest. Much commercial grain received
from farm storage is infested. Grains shipped in wooden
box cars is almost certain to become infested during
shipment. Insects capable of flight migrate in all direc-
tions from feed mills that process infested grain.

Bauer (1984) edited a valuable monograph on insect
management for food storage and processing which starts
off by demonstrating that losses due to insects in food
storage, transportation and processing in the United States
run ‘in the low billions of dollars’ annually. It quotes the
report of the Council of Environmental Quality on
Integrated Pest Management by Dale R. Bottrill of
December 1979 as an authority for the statement that the
post-harvest loss due to insects in the US is 6% of the
value of all foods marketed.

Insects are attracted to damp grain. If leaks occur and
portions of a bin of grain become damp, insects will be
found there in greater abundance than in dry areas.
Surface grain that is cooler than the bulk of grain may
become damp as a result of translocation of water from the
interior of the grain mass. Whenever a bulk of grain has
parts with different temperatures, moisture moves from
the warmest to the cooler parts. When heating by insects
occurs beneath the surface grain and outside temperatures
are low, the temperature gradient is very steep. Water
. movement may be so excessive that considerable rotting
of the surface grain will result. Damp surface grain may
attract scavenger and fungus-feeding insects and their
presence serves as a certain indicator of high-moisture
grain.

In most developing countries 70-80% of all the staple
produce never leaves the farm on which it was grown and
many factors affect farm-stored produce. Of these,
damage due to insects, rodents and fungi is probably the

main cause of loss in quality and quantity of the food
stored.

Insect infestations result in contamination by entire
insects or parts thereof. Infestations may include eggs,
egg shells and egg cases, larvae and cast-larval exo-
skeletons, pupae and pupal cases and cocoons, and mature
insects. Internal-feeding weevils and Sitotroga larvae
deposit their excreta or fecal pellets inside the kernels;
Rhyzopertha push excreta along with some starch particles
out of the kernel through the entrance hole and leave
excreta/starch accumulations as dockage in the infested
area (Cotton and Wilbur 1974). In addition to the flour
consumed, the flour beetles secrete a pungent, irritating
liquid consisting of ethylquinone, toluquinone and meth-
ylquinone from certain abdominal and thoracic
odoriferous glands. Contamination from large populations
of flour beetles turns the flour pink.

Freeman and Turtle (1947) stated that flour infested
with mites has a particularly objectionable smell. When
such flour is used for bread making, the bread has a sour
taste, poor colour and may not rise adequately.

Larvae of Plodia interpunctella and certain other moths
spin silken webs over their foods, so that their presence in
cereal products ruins much more than the amount eaten.
Frequently a thick carpet of webbing may cover the
surface of stored grain infested by such moths. Older
millers recall that, when Plodia infested their mills, the
webbing would tie moving mill parts so tightly during the
weekend shutdown that it had to be removed to get the
machinery into operation again (Cotton and Wilbur
1974).

When insects feed on grain, the breakdown of the grain
starches during insect metabolism results in heat, moisture
and energy as end products. Lowering of the grade of
grain as a result of damaged kernels and of off-colour and
off-odours may cause a substantial price decrease (Cotton
and Wilbur 1974).

Storage fungi are recognised as a major cause of
spoilage in stored grain and seeds; insects and mites are
frequently responsible for their distribution and develop-
ment. Grain-infesting insects carry fungus spores into the
grain and may increase the moisture content of the grain
sufficiently so that the spores can develop. Christensen
and Kaufmann (1969) summed up the situation by
stating that at least some of the common grain-infesting
insects regularly carry into the grain they infest a large
load of inoculum of storage fungi, and, as they develop in
the grain, provide conditions favourable to the develop-
ment of these fungi. These authors stated that what
appears to be an insect problem may be an insect-plus-
storage-mould problem.

Apart from losses caused by moulds, storage fungi
produce an unknown number of toxic chemicals, some of
which are carcinogenic, such as aflatoxins and okratoxin
and many of which are suspected as causing serious
diseases in livestock.

Of great significance is the possible distribution of such



harmful bacteria as Salmonella, Streptococcus, and Es-
cherichia coli by grain-infesting insects. Husted et al.
(1969), found that Sitophilus oryzae retained Salmonella
montevideo internally and externally after being in
contaminated wheat for 7 days, and for at least 5 weeks
after being in contaminated wheat for 14 and 21 days.

The role of insects in promoting, spreading and
intensifying the development of mycotoxins in stored
grain has not been adequately researched. Ragunathan et
al. (1974) showed that there was a close association
between storage fungi and Sitophilus oryzae. The fungi
were mainly those responsible for producing mycotoxins.
The incidence of infection of the insects ranged from 20%
to 100%, the fungi being carried in the alimentary canal of
the insect along with the food and excreta. Weevils
collected in the field at the time of corn harvest carried
Aspergillus flavus.

Senappa et al. (1979) reported that dried Indian
peppers (Capsicum annuum) containing Aspergillus flavus
and aflatoxin had been subjected to insect infestation
before storage and the small number of infested pods had
become completely filled with aspergilli. These pods
showed no surface growth of mould, but during storage
the incidence of aspergillus-loaded pods increased, de-
pending on insect infestation and relative humidity.

Phillips and Burkholder (1984) have reviewed the
literature on health hazards of insects and mites in food.
The fact that stored-product insects can and do cause
illness in humans is well known to entomologists but less
so to the food industry. These illnesses range from
mechanical irritations of skin, eyes and upper respiratory
tract due to the abundance of insect fragments following
on even modest levels of infestation to serious allergenic
reactions induced by the foreign protein of the anatomical
structures of pests and the poison glands of insect bodies.

Tapeworm diseases, including dwarf tapeworm and rat
tapeworm, are transmitted from rodents to man by
cockroaches and meal worms as well as by fleas (Scott
1962). Such enteric bacterial and protozoal diseases as
typhoid, diarrhoea and dysentery are transmitted mechan-
ically from man to man by cockroaches and other stored-
food pests. Various intestinal infestations such as intes-
tinal acariasis, intestinal myiasis and canthariasis result
from the ingestion of live stored-food mites, from stored-
food flies, and from yellow meal worms and other stored-
food beetles. A severe dermatitis known as grain itch,
grocer’s itch, vanillism, or other names, is caused by bites
of stored-food mites. In addition, some persons are
allergic to mill dust containing fragments and fecal pellets
of stored-food insects (Cotton and Wilbur 1974).

Insects render unfit for human consumption much more
grain and grain products than they eat, because every
infestation contaminates its host product with insect
fragments and excreta. Excreta from flour beetles and
most other major insect pests of cereal products are
deposited directly into the product and cannot be re-
moved.

Most persons have a natural revulsion to all forms of
filth in their food. The thought that they may be eating
insect fragments and excreta affects the aesthetic sen-
sitivities of most people, but when such filth is actually
observed it may have serious effects. The public wants to
believe that the cereal products it is using are as free of
insect filth as possible. If there were to be a statement on a
package of flour to the affect that ‘this flour contains
fewer than 10 insect fragments per 100 g°, it would have
an adverse effect on the consumer, even though such a
low count represents a major achievement over the past 20
years.

Flour infested with insects is generally rejected for
aesthetic and assumed health reasons, without considera-
tion of any undesirable effects, which may be produced by
secretions and excretions of the insects, and which may
affect the baking qualities and taste of the product. Smith
et al. (1971) reviewed the work of many authors and
showed that cereals infested with Tribolium spp. give rise
to persistent and disagreeable odours in bread. They have
pointed out that the presence of Tribolium spp. in flour
affected the odour, taste and colour of bread, considerably
reducing the volume of the loaf and destroying the
texture.

Smith et al. (1971) referred to a number of studies of
the nature and properties of these insect secretions, which
are predominantly quinones. Numerous authors have
pointed out that these quinone secretions of Tribolium
spp. may be important carcinogens since they produce
carcinoma in mice. They also showed that whilst bread
prepared from flour infested with Tenebrio, Trogoderma
and Oryzaephilus spp. showed no changes from the
control bread with regard to most quality criteria, the
presence of a characteristic, low intensity, taste and/or
odour was identified. Bread prepared from flour
previously infested with Tribolium disclosed a variety of
property changes and a distinct offensive taste and odour.
These effects were observed notwithstanding the fact that
the insects and their body fragments were separated from
the flour by sifting, prior to making the bread.

Storey et al. (1984b), reporting the outcome of a
survey of over 8000 farm storages across 27 states of the
USA indicated that 1 or more live, stored-product insect
species were found in 25.1% of the wheat, 56.4% of the
oats and 79.7% of the corn samples obtained. The average
number of insects per 1000 g in the infested samples was
26 for corn, 39 for oats and 105 for wheat. Insect species
that prefer high moisture and which feed on moulds were
found in 28.8% of the corn samples. The incidence of
insects generally increased with increased grain moisture
and average test weights per bushel were lower in infested
grain than in uninfested grain. The incidence of insects
and the composition of insect populations within each
commodity did not vary significantly with the length of
time the grain had been in storage.

Sinclair (1982) conducted 3 surveys between 1977 and




1979 on about 60 farms on the Darling Downs, Queens-
land. Farms in this area would be considered to be well
above average in the application of management prac-
tices. Although predominantly grain producing farms, no
commercial grain would be held on the farms. The mean
amounts of grain per farm, estimated visually, were 950
kg of bulk and bagged stocks, 270 kg of grain spills, 165
kg in farm machinery and 75 kg in other residues. The
mean farm populations of the 4 major pest species
combined was estimated at 360 000 adults, of which
about 88% were in bulk and bagged stocks. The insect
populations peaked in late autumn and reached a mini-
mum in early summer.

During the past decade concerted efforts have been
made to expand the production capability of the major
staple food and feed grains, to the point of self-sufficiency
or even export, both of which would markedly reduce the
burgeoning foreign exchange deficits that are presently
being experienced in many developing countries. Increas-
ing areas are being brought under irrigation, and existing
and new irrigation areas are being more intensively
managed, through the utilisation of high-yielding
varieties, in a multi-cropping system (Russell 1980).
Pomeranz (1982) stated that ‘increased crop productivity
is the key to feeding the world’s expanding population’,
and this becomes more evident with the realisation of the
disproportionate increase in population that is occurring in
the developing world, compared with the industrialised
nations. Multi-cropping, simply translated, means that at
least one crop is grown during the monsoon season,
creating problems and difficulties in harvesting, thresh-
ing, drying and storing, resulting in rapid biological
deterioration. In addition, the high-yielding varieties are
casily shattered, generally softer and, when harvested,
tend to have a wider range of kernel maturity than the
traditional non-improved varieties. The dichotomy that
exists in enhancing productivity utilising high yielding
varieties is in the associated problems that are now so
prevalent in the post-production system. Traditional
systems of storage and handling are now inappropriate,
and their shortcomings are accentuated more with the
high-yielding varieties than they are with the traditional
varieties. One of the most challenging problems of the
1980s will be to reduce losses caused by pests, especially
insects, during the food production, storage and process-
ing operations. Without exception, greater benefits would
be derived if more intensive efforts were directed towards
conservation and quality maintenance of what has already
been produced, rather than on energy-expensive methods
to produce more. The challenge facing the Association of
South East Asian Nations (ASEAN) has been clearly
documented by Semple (1985).

Arthur N. Hibbs (1968), a former president of the
Association of Operative Millers, in an address to a
conference sponsored by his organisation, sharply defined
the sanitation problems of the grain-storage and cereal-
processing industries:

We all have our common goal, regardless of our
affiliation, to do the best possible job in the field of
sanitation. Today, as never before, the citizens of
this nation, as well as foreign countries, are keenly
aware of proper sanitation and pest control. Not only
are they aware of it, but they demand it. And this is
true no matter what industry we serve or service.
Because of the enormous publicity given to sanita-
tion standards and the use of certain chemicals to
control pests, we are faced with a far more
sophisticated and educated customer for our end
products. And, I might add a much more critical
customer, too.

If the information now available were utilised, most of
the damage and loss due to insects could be prevented.

Golob (1984) pointed out that the average small farmer
has very little cash. Consequently, improvements in his
agricultural practices must be cheap if they are to be
acceptable. There are 3 main ways in which im-
provements could be made to the existing small-holder
storage system. These are:

1. improve the storage qualities of the varieties of

produce grown;

2. improve the structure of the food store;

3. use protectants to control insect pest damage.

Plant breeders have begun to introduce into their
programs factors which will enhance resistance to attack
by storage insect pests. Losses can be reduced by
improving the structure that the smallholder uses. In
several countries the need to do this has led to the
development of highly durable but complicated structures
which have commonly proved too expensive for the
farmer to purchase or build. Even small-farm stores can
be made rodent-proof and it is generally easier to do this
than to kill rodents once they have entered. Drying rates
after harvest can be improved by storing freshly harvested
produce in a structure which takes full advantage of
prevailing wind. Improved means of access to the grain
which avoids damage to the storage structure or its
weather-proofness contributes greatly to improving the
quality of stored grains. These modifications are simple to
implement and of little or no cost. They enable the farmer
to keep the produce in good condition during storage. In
order to produce a recommendation acceptable to the
farmer for the application of grain protectants, the cost
proposed must be low to be seen as economical. The costs
and benefits, however, change with the duration of the
storage period and with the variety of grain stored. Since
the development of the insect population only becomes
significant during the final stages of storage, the damage
to the farmer’s grain becomes significant at the end of the
storage period.

Greening (1979a) produced evidence of the dispersal
of grain insects in commerce over quite large distances
and from different climatic regions. This was particularly
noticeable in the case of dispersal of resistant strains from
bulk grain storages to stock-feed mills and produce stores



and later to farms. These examples should serve as a
warning of the ease with which insect pests may enter
regions were they have not previously been found.

Joffe (1958) described additional problems of protect-
ing stored grain from insects under tropical conditions.
Loss of quality takes priority over loss of quantity in
temperate areas. Loss of quantity is of primary concern in
tropical countries where insects have a near optimum
environment most of the year.

In the main, storage practices in the tropics have
evolved through traditional methods which depend on
physical factors such as natural drying, storage and
preservation in simple structures. There is little or only
ineffective provision for the prevention of reinfestation,
and the preservation of quality. Traditional methods
include little or no use of insecticides. Hence, in many
parts of the developing world, storage practices involve
traditional structures such as simple wooden platforms,
storage baskets, timber tripods, vertical or horizontal
poles or racks, varieties of cribs made from wooden or
grass materials, pots or other earthen containers, gourds
and other types of granaries. The structures and practices
are largely ineffective in the prevention of deterioration of
stored agricultural produce. Under such conditions,
Taylor (1974) indicated that losses due to insect infesta-
tion, biodeterioration, microorganisms and rodent damage
are considerable. Until recently very limited inputs of
pesticides for safe disinfestation of produce were used but
recent developments which combined improvements in
the design of cribs and storage bins with the wise use of
pesticides such as lindane, malathion, pirimiphos-methyl
and synthetic pyrethroids show great promise for the
future. In particular, successes that have been achieved in
incorporating these grain disinfestation and protection
methods into traditional storage practices in Nigeria,
Kenya, Zambia and many other countries in tropical
Africa are now beginning to have a major impact on the
reduction of losses at the farm level and therefore on the
economy and nutrition of the small farmer.

The present trends in agricultural production patterns
and systems and a displacement of populations from rural

to urban areas seems to indicate that in the remaining
years of this century decreasing percentages of human
populations are likely to be directly involved in farming;
small farms are likely to give way to medium scale and
large farms; and the storage of agricultural produce is
likely to evolve along the lines of greater co-ordination
and co-operation in the use of modern techniques of
disinfestation and storage. Already in many developing
countries, the percentages of agricultural workers are
going down from 60-70% of the total working force to
40-50% and greater efforts are going into the organisation
of co-ordinated and centralised storage systems which
would receive surplus agricultural produce and utilise
modern techniques of storage to ensure their preservation
and release into the marketing channels as and when
necessary. Although this trend is likely to continue and be
strengthened in the immediate future, it must be realised
that it would depend on a fundamental understanding of
the role of the farmer, small or large scale, in the first
stage of handling and disinfestation necessary to ensure
that produce delivered to medium and long-term storage
depots does not constitute foci of infestation and de-
terioration of the bulk of stored items. In other words,
clear guidelines which now form the basis of on-farm
disinfestation and handling of agricultural produce should
be retained and strengthened and the inputs necessary for
their observance ensured at the farm level.

The rest of this century will be crucial in the efforts of
man to expand and improve agricultural production and
protection in order to feed the population at a level
compatible with modern and acceptable concepts of social
and economic welfare. The intensification of agricultural
production must be matched by the pursuit and application
of modern storage technologies if the gains to be realised
by such intensification are to be maintained so that they
reach the consumer. Tropical storage entomology has
many of the answers in terms of developed technology,
organisation and relevant research. If this is put to work
we may yet avert a possible food crisis before the end of
this century and indeed close the food and nutrition gap
and strengthen the economies of the developing countries
of the tropical world.



2. Loss of Grain in Storage

2.1 Introduction

In many countries the presence of insects and other
contaminants in stored food has become an accepted
phenomenon. According to one belief, products in store
for a few weeks ‘spontaneously generate’ insect life.
Infested stored produce is also believed to have ‘matured’
and therefore be better than freshly harvested produce, so
that there are many merchants and consumers who are
accustomed to, and therefore accept, products of inferior
or poor quality (Hall 1970).

As FAO and international conferences are now pointing
out, in many countries the extent and level of losses after
harvest have not been fully assessed, but those assess-
ments which have been made of the quantities of food
damaged and lost indicate that there is a serious wastage.

An FAO estimate of world-wide annual losses in store
has been given as 10% of all stored grain, i.e. 13 million
tonnes of grain lost due to insects or 100 million tonnes to
failure to store properly (Wolpert 1967), but losses in the
tropical and sub-tropical regions of the world (where food
1s in short supply) can be expected to be higher than in the
temperate climate zones. An FAO publication (Anon
1979¢) referred to a US study that calculated that in 1976
post-harvest cereal losses in developing countries amoun-

ted to 42 million tonnes or 95% of the total normal
Canadian grain crop. The economic impact of this may
have been diffused, of course, but a calorie is a calorie
and those that went missing in 1976 were nearer to the real
need. In the United States, grain storage losses each year
have been stated (Powley 1963) to be between 15 and 23
million tonnes (some 7 million tonnes due to rats and
between 8 and 16 million due to insects) and a breakdown
of the quantity and quality losses together with the dollar
value has been given by the US Department of
Agriculture (1965) to be $465 million. In Latin America
it has been estimated that there is a loss of 25-50% of
harvested cereals and pulses; in certain African countries
about 30% of the total subsistence agricultural production
is lost annually, and in areas in South-East Asia some
crops suffer losses of up to 50% (Hall 1970).

Although these figures must be considered in relation to
many millions of tonnes of food production in each
country, it must be emphasised that such losses do not
involve every commodity in all countries in the tropics
and sub-tropics. Current losses of about 30% are apparen-
tly occurring throughout large areas of the world.
Prevention of these losses would result in:

1. more food for consumption by the farmers;

2. more food available for farmers to sell;

higher living standards for farmers;
more food available for non-farming populations;

5. higher quality and competitiveness of export com-

modities in rural trade;

6. sounder economy for the country and improvement

of its international standing.

Losses are manifested in several ways:

1. weight loss;

2. food loss;

3. quality loss;

4. loss due to contamination with metabolites of

insects and moulds;

5. monetary loss;

6. loss of goodwill (i.e. reputation);

7. seed loss.

Howe (1965a) reviewed the world literature concerning
the losses caused by insects and mites in stored foods and
feeding stuffs. Adams (1977b) presented a comprehen-
sive review of the information published between 1965
and 1976 on the extent of losses occurring during the
transportation, handling and storage of cereals and pulses.
The bibliography contains over 100 references.

W

In introducing his review of the literature concerning
losses in stored cereals and pulses, Adams (1977b) stated
‘Howe (1965a) reviewed the losses caused by insects and
mites in stored foods and feeding stuffs. It is significant
that 10 years after this excellent paper appeared the
Seventh Session of the United Nations General Assembly
passed a resolution calling for the reduction of post
harvest losses to be given high priority, with a target of a
50% reduction in these losses by 1985. This has resulted
in an upsurge of interest in the post-harvest sector since it
was necessary to know the present extent of these losses.’
It might be pertinent to observe that now, in 1986, we are
still not sure of the nature and extent of these losses or
whether the measures taken over the past 10 years have
effectively reduced losses which would otherwise have
occurred and, if so, to what extent.

Singh and Benazet (1974) considered that an overall
loss of 30%, as estimated by some workers, to be
conservative rather than high.

Tyler and Boxall (1984) have reviewed the activities
of post-harvest loss reduction programs over the previous
10 years and have made observations about the con-
sequences. They have described the initiatives taken
under the main multilateral and bilateral aid programs and
have provided examples of loss assessment and reduction
projects in a number of countries. They concluded that the
prescribed methodology has worked adequately for the



assessment of on-farm storage and processing losses
particularly in relation to weight loss. There is a lack of
proven guidelines for the commercial sector including
procurement, marketing, storage and distribution. Such
guidelines are needed and should embrace a wider
approach which is more concerned with reducing insuf-
ficiencies in the total system. Selected examples of results
from studies of losses at farm level are given in Table 2.1.

have not adequately defined what they mean by loss and it
is therefore difficult, particularly with field estimates, to
compare the estimates provided by different authors even
within the same locality.

‘Weight loss’ may be defined as the loss in weight of
the commodity over the period under investigation. It is
essential to distinguish between the 2 types of weight loss,

‘apparent’ and ‘real’.

Table 2.1. Examples of comprehensive studies to measure post-harvest weight loss in farm level storage

Country Crop Period of Cause of loss Estimated % loss Reference
storage of weight and
(months) range
Zambia maize 7 insects 1.7 to 5.6 Adams and
Harman 1977
India paddy 7 insects, rodents 4.26+1.33 Boxall et al.
mould 1978
Kenya maize up to 9 insects, rodents  3.53*0.25 De Lima 1979
Malawi maize up to 9 insects 3.2+34 Golob 1981
1.8+3.5
sorghum up to 9 insects 1.7x0.5
Nepal maize 6 insects, rodents 5.7+3.2 Boxall and
wheat 3 mould 24+19 Gillett 1982
Turkey wheat 8 insects, mould 3.7x1.9 Boxall, pers.
comm.
Tanzania maize 3-6.5 insects 8.7 Hodges et al.
1983
Swaziland maize unspecified insects 3.66 De Lima 1982
moulds 0.53
rodents 0.16
Bangladesh raw and 34 insects 2.4 (rice Huq 1980
parboiled rodents equivalent)
paddy (average for
3 seasons)
Honduras maize 7 insects 5.5 de Breve et al.

1982

The World Food Conference held in Rome in 1974
proposed that a world food reserve of approximately 30
million tonnes of grain be established to carry the
developing countries of the world through critical times of
food shortage in future years. At least some of these long-
term storages will be held in the developing countries.
One technical aspect that appears to have been given
insufficient attention is the ability to store cereals for
periods of many years under tropical conditions. We
know that cereals can be successfully stored for long
periods of time in a temperate climate but there has been
little experience with long-term storage of cereals under
tropical conditions, particularly in the humid tropics.

2.2 Nature and Origin of Losses

One of the basic problems in reviewing loss estimates is
the definition of the term ‘loss’. In many cases, authors

The apparent weight loss is defined as the difference in
weight of the commodity before and after the particular
activity under study. In commercial practice, a weight
loss may, to some extent, be hidden by an increase in
moisture content and by the transformation of the usable
material into dust and frass which, since it remains within
the bag, may still be recorded as usable commodity in
transactions. Since this hidden loss is being passed from
seller to buyer, it is important to know its extent.

Any loss in weight of the edible matter will inevitably
lead to a proportionally higher nutritional loss because
many insects consume, preferentially, the highly
nutritious portion of the grain. Thus, weight loss should
not be used to estimate gross food losses, although in the
majority of situations it is used to estimate nutritional loss
because the analysis of the various nutrients requires



elaborate equipment and is expensive and time consum-
ing.

The presence of damaged grains, dust contaminants,
such as insect fragments and rodent hairs and excreta
within the commodity contributes to a loss of quality
which, in many cases, will lead to a loss in monetary
value of the commodity. Similarly, changes in the
biochemical composition may also rank as losses in
quality, e.g. an increase in free fatty acid content.

Loss in seed viability is one of the easiest losses to
estimate but such losses may not be immediately apparent
in situations where there is replacement seed grain
available. In a situation where seed is a prime considera-
tion for rebuilding the agrarian structure, loss in viability
is a potential disaster.

Hurlock (1965) reported an investigation into the
weight of grain eaten by a small population of Sitophilus
larvae at 3 different temperatures. The damage caused

was assessed by weighing and radiography. There was no
significant difference between the amounts of damage
caused by each insect at the 3 temperatures (25°, 27.8°,
31.1°C); the average amount of grain consumed by each
larvae during development from egg to adult being 28.7
mg. The mean weight of each adult produced was 2.7 mg.

A similar study with Oryzaephilus surinamensis
produced data which indicated a rate of growth such than
100 insects would become over 12 million in 3 months
and would consume grain at the rate of 54 kg per month
(Hurlock 1967).

Moore et al. (1966) carried out a study to determine the
losses caused by Sitotroga cerealella in dent corn. The
weight, moisture and feed value of kernels damaged by
Sitotroga cerealella and undamaged kernels taken from
the butt, mid and tip section of ears of dent corn were
compared. A single moth consumed an average of 32.9
mg during its development in a kernel of dent corn, which

Table 2.2. Data recorded for weight losses to products during storage in a number of countries

Level Period
Country Commodity Loss of storage of storage Cause Source
(percent) (million (months)
tonnes)
Ghana Legumes 93 0.006 FTIC 12 I  Hayward, L.A.W., 1964.
Personal communication to FAQ Plant
Production and Protection Division,
Upper Volta  Legumes 50-100 FTC 12 I Hayward, L.A.W., 1964.
Nigeria Legumes 10 T 6 I  Hayward, L.A.W., 1964.
Wheat 34 F 24 I  Ahmadu Bello University, Institute for
Agricultural Research, 1963.
Somalia Grain 20-50 FIC 12 RI Bethke, S. 1963. FAO report.
South Africa  Legumes 50 FTC 12 I Hayward, L.A.W., 1964.
Tanzania Legumes 50 FTC 12 I Hayward, L.A.W., 1964.
Malaysia Rice 17 C 89 A Wright, F.N., 1963.
India Rice 11.0 FTC 12 Central Food Technological Research
Institute, 1965.
Food grains  20.0 FTC 12 Johnston, J., 1966, personal
communication.
Food grains 50 2.8 F 12 Wolpert, V., 1967.
Grain 40 0.2 C 34 Pingale, S.V., 1964.
Wheat 8.3 C 12 Pingale, S.V., 1964.
Food grains 9.3 FIC 12 A
Japan Rice 5 FTC 12 I  Kiritani, K., 1964.
United Arab Rice 0.5 12 IR Kamel, A.H., 1951, personal
Republic communication.
United States  Maize 05 59 12 I  U.S. Department of Agriculture, 1965.
of America Rice 1.5 0.04 12 I  U.S. Department of Agriculture, 1965.
Sorghum 34 041 12 [  U.S. Department of Agriculture, 1965.
Wheat 3.0 1.6 12 I U.S. Department of Agriculture, 1965.
Thailand Paddy }
Maize 10 F I  Boon-Long, S., 1965, personal

communication.

F = farmer storage; T = trader storage; C = central storage depots; R = rodents; I = insects; A = all causes.



Table 2.3. Figures of losses of products due to insect pests at different levels of storage (nonexperimental) in Africa

Commodity Apparent loss Storage Major pest Country
period
Damaged Weight
grains/ loss
kernels
{(percent) (months)
Producer storage Beans 38-69 6 6  Pulse beetles Uganda
Beans 3.6 4  Pulse beetles Zambia
80.7 12 Pulse beetles Zambia
Cowpeas 13.0 4  Pulse beetles Zambia
81.6 12 Pulse beetles Zambia
Maize 20+ 8  Weevils Ghana
Maize 30-50 5  Weevils Dahomey
Maize 30 5  Weevils Togo
Maize 45-75 20+ 7  Weevils Uganda
Maize 90-100 12 Weevils and moths Zambia
Maize cobs 5-10 12 Weevils Ivory Coast
Sorghum, unthreshed 3-78 1-26 9  Weevils N. Nigeria
Sorghum, unthreshed 2-33 0-13 6  Weevils N. Nigeria
Sorghum, unthreshed 2-62 3-13 14  Weevils N. Nigeria
Sorghum 11-88 6-37 26 Weevils N. Nigeria
Trader storage  Beans 35-44 6 12 Pulse beetles Uganda
Maize 20 Beetles Togo
Maize '5-10 6  Beetles Uganda
Maize 16.7 4 3 Beetles Uganda
General produce 10-15 12 Beetles and moths Tanzania (Zanzibar)
Central depot Maize 5-6 11 Weevils and moths Rhodesia
Storage Maize 12-19 24 Weevils and moths Rhodesia
Maize 35-38 10 9 Uganda
Wheat 58 2 6  Weevils Kenya

Source: Data based on personal communications by specialists to FAO.

Table 2.4. Laboratory estimates of weight loss caused by certain insect species

Insect species

Weight loss per insect Reference

Sitophilus granarius (L.)

Sitophilus granarius (L.)
Sitophilus granarius (L.)

Sitophilus zeamais Motsch.
Sitophilus oryzae (L.)
Rhyzopertha dominica (Fab.)
Cryptolestes ferrugineus

(Steph.)
Oryzaephilus surinamensis

(L)

Sitotroga cerealella (Oliv.)

Commodity  Conditions
°C % rh
Wheat 2800 75
Wheat 27.8 70
Wheat 30,0 70
Maize 27.0 70
Wheat 280 75
Wheat 28.0 75
Wheat 30.0 70
Wheat 27.7 70
Maize 13.0 -

30 mg egg: adult
+5.70 mg frass
29.6 mg egg: adult
18.8 mg egg: pupa
+4.4 mg frass
25.8 mg egg: adult
+9.3 mg frass

10 mg egg: adult
+0.690 mg frass
12 mg egg: adult
+7 mg frass

1.1 mg egg: pupa
+0.46 mg frass
4.3 mg over four
weeks

32.9 mg egg: adult

Golebiowska (1969)

Hurlock (1965)
Campbell and Sinha (1976)

Adams (1976)
Golebiowska (1969)
Golebiowska (1969)

Sinha and Campbell (1975)
Hurlock (1967)

Moore et al. (1966)
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amounts to 10.35% weight loss per kernel per insect.

Hall (1970) in a 350 page monograph published by
FAO on Handling and Storage of Foodgrain in Tropical
and Sub-tropical Areas discusses the many manifestations
of losses due to insects under tropical storage conditions.
Tables 2.2 and 2.3 summarise a few of the important
data.

Various investigators have estimated the weight loss
caused by certain insect species and these results were
summarised by Adams (1977b) in Table 2.4.

The effect of the initial population density on the loss of
weight in samples of wheat was investigated by Stojan-
ovic (1966). He found that after 200 days at 20°C the
weight loss caused by Sitophilus granarius varied from 59
to 78%, depending upon whether the initial population
was 1, 2 or 3 pairs of adults per 500 g of grain.

Weight loss of stored grain caused by the feeding of
insects depends largely on the pest species and its feeding
behaviour. Campbell and Sinha (1976) determined the
damage to stored wheat caused by larval and adult feeding
of Cryptolestes ferrugineus, Rhyzopertha dominica and
Sitophilus granarius by feeding individual insects on
single wheat kernels at 30°C and 70% relative humidity.
Weight loss caused by the feeding activities of each
species was measured and related to kernel site damage
and frass production. When insects were allowed to
develop from egg to pupae, Sitophilus granarius caused
60%, Rhyzopertha dominica 17% and Cryptolestes
Serrugineus 4% weight loss in single kernels weighing a
mean of 29.5 mg. Weight loss of kernels and frass
production caused by the feeding of R. dominica adults
was greatest, whilst S. granarius and C. ferrugineus
adults caused smaller losses. C. ferrugineus fed ex-
clusively on wheat germ whereas the other two species fed
on both germ and endosperm.

Adams (1976b) reported an experiment in which 70
single maize kernels were exposed to oviposition by
Sitophilus zeamais. Weevils developed in 50 kernels, 16
yielding one adult, 24 two, 7 three and 2 four and five
adults. Weight loss of the kernels was observed through-
out the developmental period at 27°C and 70% r.h.
Development took a mean of 37 days resulting in adults
with a mean weight of 3.1 mg. The overall mean loss in
weight per grain was 18.3%. The total consumption by an
insect was 35.1 mg in grains with 1 emerging adult and
approximately 25 mg for those with more than 1. Half the
total loss occurred between days 13 and 24.

Bitran ef al. (1981, 1982a) reported a significant
correlation between the loss of weight of stored maize and
the level of infestation by Sitophilus zeamais and
Sitotroga cerealella.

Al-Saffar and Kansouh (1979) reporting a survey of
the insects infesting stored grain in Iraq in 1977-78
showed that the most abundant species in wheat was
Trogoderma granarium which was present in more than
50% of the samples. Infestation levels ranged up to 685
insects/kg grain; the mean percentage of infested grains
ranged from 2.5 to 5.7 according to the origin of the
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wheat, and the percentage weight loss ranged from 3.1 to
6.6%.

Minor pests can cause enormous damage when they are
introduced into a region where they have previously not
been found. FAO reported (Anon. 1982) that the larger
grain borer Prostephanus truncatus, an established but
minor pest of stored produce in central America, Brazil,
Colombia and southern USA, had recently been reported
for the first time in Africa where it had devastated stored
maize in Tanzania. Official investigators recorded weight
losses of up to 34% in stored maize, implying that at least
70% of grains were heavily damaged and useless as either
seed or food. Losses were high even on indigenous
sheathed varieties. The beetle poses a very real threat
throughout east and central Africa. The consequences
would be enforced changes in the food habits of the
people through increased growing of sorghum millet and
rice.

A major concern is that stored-product insects may be
an important factor in the development and spread of
mycotoxins in stored grains and related commodities.
Mycotoxins are of great public health concern since
several have been identified as the cause of a variety of
human and livestock diseases including cancer (aflatox-
ins). It is recognised that stored-product insects can
absorb, carry and spread the microorganisms responsible
for the production of these toxins. Ragunathan et al.
1974 studied the association of storage fungi with
Sitophilus oryzae. When eggs, lavae, pupae, and adults
were surface-steralised and plated on three media, only
the eggs were free of fungi. Aspergillus ochraceus, A.
flavus, and a number of other fungi were found in the
larvae, pupae and adults. In weevils from sorghum, the
most common species was A. restrictus, but in weevils
from wheat and rice, A. flavus predominated. The
incidence of infected weevils ranged from 20 to 100%.

In addition to spreading the inoculum, stored-product
insects create an environment that favours the multiplica-
tion of the fungus. The increase in temperature due to
insect metabolism which results in ‘hot spots’ triggers the
growth of fungi which is promoted by the increased
humidity generated by insect activity and the metabolism
of grain components.

Bulk grain with a moisture content of 11-14%, and in
apparently good condition except for the presence of
insects, often becomes hot. Heat resulting from the
metabolism of grain and microoganisms under such
conditions is not sufficient to account for the pronounced
rise in temperature. According to numerous investigators,
the source of heat is the metabolism of the insects
themselves. Temperatures may rise to as high as 60°C.

An ‘insect caused’ hot spot begins when insects
produce metabolic heat faster than the heat can escape.
Howe (1962) pointed out that a small local rise of
temperature accelerates the metabolism of each insect and
speeds the rate of population increase; thus, the amount of
metabolic heat continuously increases until it reaches a



level that is unfavourable to insects. At this point the
insects move to the periphery of the hot spot, thereby
increasing its size and the spread of microorganisms.

Ciegler and Lillhoj (1968) list 15 reviews and
symposia proceedings dealing with mycotoxins in the 6-
year period from 1962 through 1967. Additional reviews
have been published since by Wogan (1965), Moreau
(1968), Hesseltine (1969), Goldblatt (1969), Herzberg
(1970), Meyer (1970), Christensen (1971), Purchase
(1974), Rodricks (1974), and Rodricks et al. (1977).

2.3 Methods of Assessing Losses

There has been concern in recent years about the
scarcity, unreliability and lack of standardisation of
observations on post-harvest losses, particularly in
tropical countries. For many years the estimation of such
losses has been based on extrapolation of comparatively
few unstandardised studies, leavened by subjective as-
sessment (Haines 1982a). Recent efforts have been made
to design standard methodologies for post-harvest loss
assessment, e.g. the work of Adams and Harman
(1977). The current state of knowledge and recommenda-
tions for future studies are given in 2 books arising from
the collaboration of various national and international
organisations concerned with the conservation of natural
resources (Board on Science and Technology for
International Development 1978; Harris and Lindbad
1978). A number of authors have made valuable observa-
tions and recommendations to improve the objectivity and
reliability of estimates of food losses in small-scale farm
storage and in warehouses (Adams 1976a; Boxall et al.
1978; DeLima 1979a; Golob 1981a, b, c¢; Haines
1982a). Proctor and Rowley (1983) have proposed a
new method developed in the UK for assessing weight
losses caused by arthropod pests in stored grain. The
method, called the Thousand Grain Mass method, is
considered to be based on sounder principles than any
method previously described.

Adams (1977a) reported on research into quantitative
and qualitative losses incurred during maize storage on
selected small farms in Zambia. Various methods of
analysing samples for loss were tested. The best estimate
of loss within a sample was obtained by comparing the
weight of a standard volume of grain from the sample with
that of a reference sample obtained at the time of storage.
Estimates of loss over a storage season were obtained by
integrating losses within samples with the pattern of
consumption over the storage period. Monetary values
were placed on these losses. Changes in storage practice
were evaluated with the aid of these methods which
enabled the costs and benefits of a simple improved
storage technique to be calculated. It was not intended that
the loss estimates produced by the project should be
interpreted as representative of Zambia as a whole or of
any particular region but they provided a practical
technique for carrying out studies under typical field
conditions. ) v

Bourne (1977) drew attention to another precaution
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that needs to be considered in assessing overall losses to
see that the arithmetic of loss figures is correctly
calculated. In quoting loss figures at various steps along
the post-harvest chain there is a common error of adding
the percentage of loss at each stage to obtain the total loss.
This leads to overall loss figures that are too large because
it assesses that each loss figure is a percentage of the
original weight of commodity. In fact, each percentage
loss is expressed as a percentage of the amount in the
previous step, the percentages being applied to a dimini-
shing base.

Adams (1977¢) published the results of a questionnaire
circulated widely to authorities concerned with post-
harvest losses in cereals and pulses. As a result of the
replies received, the author concluded that it would
continue to be difficult to interpret findings of individual
workers and to compare their results until agreement had
been reached on a suitable method for the measurement of
post-harvest losses in all stages of the system and the
method had been published and adopted. Nevertheless,
many of the estimates of loss that have been provided are
of sufficient magnitude to indicate that remedial action is
urgently required. The estimates provided in this survey
range from below 5% to above 40% and the author
expressed the hope that the information would stimulate a
concerted effort to achieve the maximum possible reduc-
tion in these losses.

Boxall ef al. (1978), commenting on the need for
objectiveness in loss assessment, drew attention to the fact
that of 126 field estimates of loss in the bibliography of
post-harvest losses in cereals (Adams 1977a) only 11
were complete estimates providing the reader with
sufficient information on the methods employed to enable
a decision to be made about the reliability of the
estimates. Most of these were also limited to a study of
one aspect of the post-harvest system and data on which to
base loss reduction imputs were frequently lacking.

DeLima (1979a) described appropriate techniques for
use in the assessment of loss in stored produce in the
tropics, giving examples of many of the difficulties
involved. In a separate paper DeLima (1979b) reported
that several of the techniques described in the literature
were found to be subject to variation from several sources
and therefore not suitable in surveys covering widely
varying conditions. Alternative methods were developed
and by the use of these techniques the annual loss in
subsistence maize due to insects in Kenya was found to be
4.5%.

Adams and Harman (1977) carried out an evaluation
of losses in maize stored in a selection of small farms in
Zambia paying particular attention to evaluation meth-
odology. Schulten (1981), commenting on this study,
stated that the method of cost/benefit analysis for
insecticide use at the small-farm level seemed most
appropriate. The method compared the extra costs arising
from introducing small changes with the expected ben-
efits. It was shown that under Zambian conditions it pays



to follow the government’s recommendations of admixing
malathion dusts with shelled maize. A farmer who
presently stores his maize as ears with husks will, in
general, also benefit when changing to storing shelled
maize treated with malathion.

Calderon (1981) presented a new approach for appre-
hending the extent of post-harvest grain losses. The author
discussed the grain bulk as an ecosystem, comprising
biotic elements (grain, insects, microflora) and abiotic
elements (dockage, intergranular air, water vapours,
storage structure). The effect of the stored grain bulk
environment and micro-environment on each of the
system components is analysed and the possible implica-
tions of these effects in the cause or prevention of grain
storage losses are discussed. It is suggested that the
ecosystem approach for evaluating the potential loss of
stored grain at a given storage site can be used not only to
assess the present status of damage and the storability of
grain but also to indicate the steps needed to prevent
losses.

In order to improve the accuracy and comparability of
loss assessments, an accounting and inventory system
(Caliboso 1982; Caliboso and Teter 1983) is being field
evaluated in the Philippines for paddy and for maize.

2.4 Effect of Cereal Type and Variety

Howe (1965a) suggested that rice is probably the most
resistant of cereals, because each kernel is protected by a
hull. Nevertheless, the extent of protection afforded by
the hull varies both with the variety of rice attacked and
the insect species attacking it. Rice varieties differ in their
attractiveness to stored-product insects and possibly in
their infestability.

Cogburn (1975) showed that rice in hull is much less
subject to damage by insects than is hulled rice. Damage
to hulled rice varies according to insect species and rice
variety. The maximum loss observed to date equals 30%
of the value of the rice. A starting population equivalent to
1 gravid female Sitotroga cerealella in 500 g will totally
destroy hulled rice within 3 generations. Approximately
1000 varieties of rice were screened for susceptibility to
attack by Sitotroga cerealella. About 10% appeared to be
resistant.

Cogburn (1977) showed that 6 commercial varieties of
rough rice in regular production in southern United States
differed greatly in their susceptibility to 3 insect species
and that the weight loss of rough rice, loss of milling yield
and loss of monetary value differed greatly, depending
upon the variety.

Golob (1981a, 1981b) reported 2 surveys of farm-level
storage losses in southern and central Malawi respect-
ively. He described the practical problems of such surveys
and the limitations of 2 different loss-assessment methods
but concluded that losses in up to 10 months storage were
3% or less for maize in southern Malawi and less than 1%
for maize in central Malawi. Such losses demonstrate the
suitability of local crop varieties and methods of storage to
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conservation in the area. The likelihood of increased
losses of high-yielding varieties of maize, if these were
introduced, and the consequent possible need for insec-
ticides, which are not needed at present, were noted.

Golob (1981c¢) in reviewing the use of pesticides at
farmer and village level stated that surveys of on-farm
storage of food for consumption have demonstrated loss
due to insect infestation of less than 3% for untreated
maize, sorghum, paddy and ground nuts. There are
several reasons for these low estimates:

1. generally the storage of food for consumption is
short, mostly not longer than 6 months, so that
insect populations do not have sufficient time to
develop before most of the food is consumed,;
farmers grow and store commodities that naturally
resist infestation; they tend to store maize cobs that
have well developed husks; they store paddy rather
than milled rice, and undecorticated ground nuts
rather than kernels;
the indigenous variety of grain is relatively resistant
to insect attack compared with many hybridised or
composite varieties. "

Pulses, particularly, are usually very susceptible to
insect damage and are subject to large losses. Likewise
the high-yielding varieties of other grains. As govern-
ments encourage the production of high-yielding varieties
farmers will gradually store food which is more suscepti-
ble to infestation than that which they are storing at
present. It has been found in trials in Malawi that in 6
months, losses of hybrid maize can exceed 20% by weight
but that the loss can be reduced to the levels occurring in
the indigenous varieties, i.e. 3% or less, if pirimiphos-
methyl is applied to the grain just before storage.

Reports by Reader (1971) and Schulten (1975) point
to the very high susceptibility of hybrid maize to insect
attack. They quoted weight losses caused by insect
infestation in local varieties of maize as 1-2%, compared
with losses in improved varieties of 5% and hybrid
varieties of 10%. The reason for the low level of loss due
to insect attack in local maize varieties is that the grain is
inherently less susceptible to attack and that the sheath
covering the grain offers good protection against field
infestation by storage insects. In comparison, the most
commonly used hybrid has grains of high susceptibility to
insect attack and sheaths which do not completely cover
the grain on the cob.

2.5 Losses Reported for Various Regions

_ Adams (1977b) found that most of the references dealt
with situations in central and east Africa, west Africa and
the Indian sub-continent with very few reports from South
America, Sahel and the Far East. By far the majority of
these studies dealt with the effect on quantity with
considerably lesser attention being given to quality.
Questions involving nutritional consideration or viability
of seed received scant attention. Most of the studies were
concerned with losses at the farm level, relatively little



attention being given to losses in large-scale storage or in
the hands of traders.

Serious losses may also occur in large stores in which
pest control techniques and hygiene are poor or lacking.

Aboul-Nasr ef al. (1973) investigated loss of wheat
stored in bags in Egypt. Their results showed a loss of
from 37 to 48% depending upon the location within the
stack.

Dichter (1976) estimated that in the sub-Saharan
regions, losses of food grains during storage at farm or
village level can amount to 25-40%. About 80% of grain
produced is kept at village level for seed or consumption.
The remaining 20% is sold as the farmer’s only cash
income. The author pointed out that if this grain could be
kept in good storage conditions, farmers would benefit
from higher prices during times of shortage.

Adams et al. (1975), reporting an intensive study of a
group of farmers in Zambia, stated that they used a system
to reduce losses of maize during storage. Originally the
farmers grew a local low-yielding variety, resistant to
storage pests because of its tight husk and hard grain.
When the high-yielding hybrid SR52 was introduced they
soon discovered its poor storage qualities. Some reverted
to the local variety for their food store, growing SR52 for
sale alone. Others continued growing SR52 for sale and
food but carefully selected cobs for storage. They chose
small tight-husked undamaged cobs and stacked these
carefully in the store. These often remained untouched for
2 to 3 months after storage. The largest cobs were shelled
and sold as soon as possible, leaving some less suceptible
cobs which remained on the drying platform and were
removed when needed for food. Only when these are
finished is the stored maize utilised.

Bindra (1974) has pointed out that India has a vast
rural population most of which is engaged in agriculture.
Consequently, the requirements for food grains in the
rural areas for food, feed and seed is immense. Rural
dwellers and many urban dwellers store their seasonal
requirement of food grains themselves because of a
continuing food deficit. Thus, of a total of about 105-110
million tonnes of food grains, about 85-90 million tonnes
are stored in rural and urban homes in small quantities of

_half to 5 tonnes in heaps in corners of houses, in gunny
sacks, in bins made of mud, bricks, metal or wood, and in
a variety of other small receptacles. Most of the storage is
unsuitable and cross-infestation is high. Hence the losses
are high. Since the grain is generally stored inside the
house, fumigation is hazardous and inadvisable. Even if it
is fumigated, despite the risk involved, the grain frequen-
tly gets reinfested because the infestation in the houses is
not eliminated and in practice the storage structures are
rarely insect-proof. »

Zutzhi (1966) investigating a selection of farm wheat
stores in Delhi observed a loss of 15% for wheat stored in
bulk in a room. Likewise, Willson et al. (1970) recorded
losses of 3.1% for bulk grain heaped on the floor, 2.3% in
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sacked grain, 1.1% in grain stored in a metal bin and
0.5% in malathion-treated grain in sacks.

Khare (1972), reporting investigations carried out in
several climatic zones of India, observed maximum and
minimum weight losses of 4.5% and 1.7%, depending
upon the store type and climate.

Reports by Khare (1972, 1973) demonstrated the
importance of insect attack in India for which are quoted
weight losses of 1.5-4.3% in stored wheat per annum,
0.7-4.0% in paddy after 6 months and 2-11% for maize
after 9 months. Protein losses of 17-31 mg/g in wheat and
9-51 mg/g in maize were also recorded.

Krishnamurthy (1975) stated that the post-harvest
losses in food grains in India were of the order of 9%,
whereas Khare (1973), reported that losses in storage
could be as high as 30% in Uttar Pradesh.

Boxall ef al. (1979) reported a study of farm level food
grain losses in Andhra Pradesh, India, from 1976 to 1978.
The object of the project was to provide a social cost/
benefit analysis of farm-level storage improvements. The
study concentrated on the storage of paddy rice as the
staple crop. Eighteen villages provided approximately 20
sample stores each during the 2-year period of the project.
Samples were subjected to laboratory analysis with
emphasis on physical dry weight loss. The final estimate
of loss was 4.26%. In the second year various improved
storage practices were tested, including improvements to
traditional stores, use of metal bins and pesticides.
Analysis of the data suggested a positive cost/benefit from
these measures and support for the extension of India’s
storage extension service, the ‘Save Grain Campaign’.
Because of the physical characteristics of paddy, the loss
estimates are likely to be lower than for other food grains
which are more susceptible to insect infestation.

Thomas (1974), reporting on the development of the
Bangladesh Warehousing Corporation covering 820 cen-
tral and state warehouses with a total storage capacity of
3.6 million tonnes, estimated that between 5 and 10% of
the stored commodities was lost through insects, rodents
and other pests.

Fazlul Huq (1980) presented results of a study of farm-
level storage of winter season unhusked rice and milled
rice in Bangladesh in 1978-79. The results were obtained
from a study in 1 district over a period of 3 to 5 months.
The project was confined to physical weight loss which
was regarded as the most significant type of storage loss
because it can be readily measured. Qualitative losses
which involve changes to taste or texture are more
difficult to measure and evaluate particularly when they
involve consumer preferences. Nutritional losses and
chemical changes occurring during storage were not
considered because they are too difficult to measure and
interpret. The authors emphasised that there is a need for
further research on quality deterioration in cereals and
cereal products and the effect on human health of
consumption of deteriorated and mould-infected grains.



The study revealed a loss, due to insects, of from 1 to
2.5%, being about half that due to rodents.

Sze-Peng (1979) in a post-graduate thesis on Sitophilus
oryzae stated that up to 10% of the total rice harvest of
Malaysia has been lost due to storage pests.

Caliboso et al. (1985) reported that maize loses about
35% of its weight when it is stored for 8 months in the
Philippines without protection from insects. Based on the
1983 procurement of the National Food Authority, the
Philippines could expect to lose about 44.8 million kg of
maize valued at $US8.8 million if appropriate pest control
measures were not adequately applied. This volume
represents about 22.5% of the country’s import re-
quirements for maize. In milled rice, where the govern-
ment must stockpile 260 million kg to constitute 45 days’
consumption requirements, insect infestation that is left
unchecked can result in a loss of about 18.5 million kg
valued at $US6.2 million. A recent survey of government
storages conducted by the National Post-Harvest Institute
for Research and Extension revealed that, although under
present conditions warehouse designs have improved and
chemicals are used to a certain extent to control insect
infestations, significant losses to insects still occur. Paddy
rice stored for 7 months lost 5% of its weight, equivalent
to 24.5 million kg valued at $US2.46 million.

Prevett (1974) discussed the problem of food storage
losses in general and gave an estimate for Brazil, pointing
out the importance of pre-storage factors. The use of a
time-controlled space sprayer using dichlorvos for control
of Ephestia cautella is mentioned. For bulk storage,
modern vertical silos offer few problems of insect control,
but horizontal silos are less satisfactory, and direct
admixture of insecticides with the grain seems to offer the
most satisfactory solution.

Murray (1979) reviewed the infestation pattern in the
Australian wheat industry during the past 2 decades and
described the immediate short-term solutions and a
prospective for the future. In the late 1950s and early
1960s, insect infestation became recognised in Australia
as a significant factor in the marketing of wheat by the
Australian Wheat Board. The introduction in 1961-64 of
malathion as a grain protectant almost completely sup-
pressed insect populations in stored wheat. Very few
insects were detected in stored wheat in Australia or at
overseas ports during the period 1968-73.

Malathion resistance in Tribolium castaneum was
detected in Australia in 1968 and inspection of wheat held
in the country showed a gradual increase in the incidence
of infestation during the early 1970s. In 1971, an
integrated pest control plan was formulated which stated
that, in the short-term, new protectants should be sought
to replace malathion. These protectants were found,
evaluated apd put into use causing a significant reduction
in insect populations. The long-term aims of the plan
require the increased use of fumigation as a control
measure, and the utilisation of various physical means of
control in association with chemical protectants.
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Murray (1981) reported that losses within the Austra-
lian grain storage system are absolutely minimal. Grain is
harvested in very clean condition and is not graded or
mixed after it has been received from the grower. Dust
extraction systems remove dust at sub-terminals and at
seaboard terminals. The purpose of removing dust is not
to clean the grain, but to provide a safe working
environment and reduce the risk of dust explosions.
Unlike in many countries the dust is not remixed with the
grain but is treated as wastage. In the average year, the
amount of dust removed is approximately 0.1% of the
total tonnage handled. In addition to the dust loss, the
average losses during storage over the previous 5 years
had been of the order of 0.2% by weight. The average loss
is considered to be acceptable. The loss may be actual and
partly caused by many factors including spillage and loss
of moisture during the use of aeration systems. Alter-
natively, it may be only an apparent loss due to
inaccuracies in stock recording systems. Murray stated
emphatically that there is little or no loss due to the
activity of either insect or rodent pests.

2.6 Social, Political and Economic Considerations

Losses which involve commercial relationships may
not be easily quantifiable. Examples include: loss of
goodwill, which may affect potential markets; social
losses, such as the effect of chronic disease arising from
the ingestion of mycotoxins or allergies arising from the
inhalation of spores or attacks by mites.

If, as appears likely, stored-product pests are to any
extent implicated in the promotion of mycotoxins and the
human and animal diseases that result from the ingestion
of such highly bio-active materials, the social consequen-
ces are indeed great. The knowledge that those peoples on
the poorest level of nutrition, and therefore the lowest
ability to remain in prime condition are the ones whose
food sources are most likely to be infested by stored-
product pests and contaminated by mycotoxins should
serve to promote appropriate action by members of the
more fortunate segment of society. In-depth research into
the nature of food contaminants including mycotoxins and
how they interact with nutrients requires the highest order
of priority in the scientific community.

Van Rensburg (1977) and Pier et al. (1977) have
provided a brief overview of the human and animal health
risks associated with mycotoxins. Twenty separate papers
each dealing with a separate mycotoxin and its attendant
human and animal diseases have been published (Pur-
chase 1974). A further 15 major papers dealing with
various facets of aflatoxins and aflatoxicosis leave no
doubts about the social, political and economic implica-
tions of aflatoxins (Goldblatt 1969).

The paper by Kraybill and Shapire (1969) deals with
the implications of fungal toxicity to human health and
leaves one in no doubt of the far-reaching consequences
that flow from the developments of moulds in grain and
other stored commodities.

Goresline (1973), reviewing the need for action on the



disinfestation of grain and grain products, indicated that
the estimated post-harvest losses are equivalent to the
agricultural product on over 12 million acres of land. The
agricultural production making up these enormous losses
is equivalent to a great industry occupying large areas of
land and representing loss of the fertility of the soil and
wastage thousands of man-years of effort. It constitutes a
large drain on the economy of the countries involved, yet
there seems to be but little effort expended in saving this
food material that has already been produced, harvested
and is in our hands. He pointed out that the ‘green
revolution’ increased food production in many areas by
15% or more but the food losses were also increased
because little attention had been given to providing means
for protecting that food from infestation. From a purely
monetary standpoint it would be a sound investment to
provide adequate storage facilities and sanitary methods
of handling. However, this is not enough, for the means
of eradication and control of the agents responsible for
these losses must also be provided.

Shuyler et al. (1976) commented that the lack of
knowledge of losses in stored products retards approval of
programs to reduce post-harvest food losses in developing
countries. FAO, using information recently assembled by
the Senior Agricultural Advisor/FAO Country Represen-
tatives and some other sources, proposed continuing to
gather loss-assessment data during the execution of
projects designed to reduce the losses. For example,
assistance in training (widely needed), during which
losses are assessed, can lead to justification for additional
programs to further reduce losses. Projects to assist in
reducing post-harvest losses have seldom had sufficient
resources of time, personnel, equipment, materials and
funds to allow assessment of losses, let alone the
development of methodology for this task. This has
occurred for pragmatic reasons. For these same reasons,
reports to governments summarising the results of projects
have not stated the quantities or proportional reduction in
post-harvest losses achievable through the use of project
recommendations, with the exception of losses reduced
throngh improvement of milling/processing equipment
where reasonably accurate judgments can be made.
Similarly, data are not available to assist in evaluating the
results of such projects. Despite these facts, it is deemed
that essentially all projects to assist in reducing post-
harvest losses have had laudable results, though not
measurable. For all practical purposes, though loss
reduction has assuredly occurred, it is not presently
appropriate to state that post-harvest losses have been
reduced by a specific proportion as a result of develop-
ment assistance.

Bourne (1977) in a 50 page monograph on post-harvest
food losses described this as the neglected dimension in
increasing the world food supply. He complained that
much of the data are unreliable because the amount of loss
has been estimated and has not been obtained by actual
measurement. There is often the temptation to cite ‘worst
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case’ figures to dramatise the problem. Care must be
taken when looking at one lot of food and seeing, for
example, extensive infestation with insects not to assume
that all the food in the country is similarly heavily infested
with insects. Extrapolation of loss from a limited sample
to the entire food of a country is an unsound procedure.
He believes that another problem is that even some of the
figures that have been obtained by careful measurements
are manipulated for various reasons. In some cases there
is the temptation to exaggerate the figures of loss
particularly if there is a prospect that high figures of loss
will prompt aid or grants from some donor. In other cases
there is a temptation to minimise the actual loss figures in
order to prevent the embarrassment of acknowledging the
magnitude of losses, or for political, financial and trading
reasons.

Adams and Harman (1977) discussed the social costs
and benefits. These are the costs a country has to make to
improve the storage system and the benefits it will obtain.
Among the social costs are counted subsidies for equip-
ment or pesticides and the costs of the extension effort to
induce farmers to modify their traditional systems.
Possible benefits could be an increase in available maize,
and increase in the income of the farming community etc.

Based on loss estimates of Caliboso (1977) for maize in
the Philippines, Morallo-Rejesus (1982b) calculated that
71.3% of the increased production of maize in 1977 over
1976 was lost to insects in storage. This clearly demon-
strates that the gains in food production are less
impressive if total food availability reflects the magnitude
of losses sustained after harvest, particularly in storage.

Morallo-Rejesus (1982a, 1982b) and Haines (1982b)
drew attention to the major reasons why the loss of stored
grain is unnecessarily high in the humid tropics. These
are:

1. lack of information and understanding of the pest
problem in storage;
lack of adequate storage facilities;
lack of information on adequate methods of control;
lack of adequate store management.

2.
3.
4.

Schulten (1982) listed several constraints on the
effective implementation of post-harvest loss reduction
techniques, and in the view of Semple (1985) these
appear quite valid for ASEAN member countries as well.
These include:

1. lack of coordination among the various national
institutes/agencies involved in loss prevention;
lack of trained personnel in research, warehouse
management, quality control and extension;

. lack of information on post-harvest technologies
that have proved effective elsewhere;

lack of accurate information on the magnitude of
losses in different operations- within post-harvest
systems;

lack of appropriate loss assessment methods;

. lack of storage capacity;

2.



7. lack of an effective transport and distribution
system;

lack of grades and standards that can be applied in
food for assessing quality;

lack of differential pricing of the various grades to
create incentives for farmers to deliver better quality
grain, and for the investment in improved facilities
such as dryers and appropriate storage systems that
facilitate the implementation of suitable pest control
strategies.

The post-harvest losses in farm level storage utilising
traditional methods appear quite low, but the introduction
of the high-yielding varieties have taxed the ability of
traditional handling, drying and storage systems to cope
with the larger quantities being produced, especially from
the wet season harvest. The low bench-mark of losses
encountered in traditional, improved farm-level storage
systems should be recognised as the acceptable level of
losses attainable under all conditions. Low-cost control
methods become more relevant in this form of storage and
care should be exercised that improved technologies often
advocated do not put the farmer at a disadvantage (Tyler
1982). At the national and commercial storage level,
capital intensive but cost-effective control measures
assume greater importance, since reserves or carry-over
buffer stock are often stored for more than 12 months, and
losses in this type of storage can be extremely high. As
reiterated by Tyler (1982), there must exist a national
commitment toward identifying the major causes of loss,
the extent and where they occur, and developing a co-
ordinated national plan of action to reduce these losses, in
line with ongoing productivity programs.

The Southem African Development Co-ordination
Conference (SADCC) (Anon. 1985) concluded that the
use of chemical pesticides to control post-harvest losses is
probably unavoidable, but improved storage facilities
continue to be important. The first step must be taken:
cereals, pulses and tubers must be dried before they are
stored. Substantial improvements in farm-level storage
can be made by a greater extension effort and some small-
scale drying facilities. Large-scale, central storage is a
different problem. Many SADCC countries have built
improved silos and warehouses in recent years but many
more will be needed in the future, involving high capital
costs. FAQ’s projections indicate the need for a doubling
of annual gross investment in dry storage between 1980
and 2000. It was pointed out that much can be achieved in
the short term to reduce post-harvest losses since there is a
backlog of research results awaiting broader dissemina-
tion in the field. Similarly, in the longer term there are
many research opportunities that could fill gaps in the
present spectrum of control methods. However, both a
wider use of known methods and the development of new
methods are severely constrained by a lack of manpower
for research and extension, and high recurrent costs for
such services.

Morley (1979) pointed out that whilst it is relatively

8.

9.
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easy to establish the magnitude of losses due to insects, it
is quite a different thing to convey the urgency of the
situation to the farmer. The farmer may be conditioned
over many years to accept such losses as inevitable and
whilst some farmers always eat or sell the same amount of
produce each year, they do not consider they have lost
anything. The farmer is unlikely to recognise the cause of
loss, particularly nutritional loss, unless it is visible. In a
recent study in Nigeria, 62% of farmers questioned were
not concerned about the loss in quantity or quality of the
stored-product produce, but they were concerned about
the problems of termites eating the storage stucture.

There are various benefits to be obtained from reducing
the wastage of food in the post-harvest chain. The first of
these is nutrition. Since less food will be lost from
whatever cause, there will be more nutrients available for
the population. The loss of food also represents an
economic loss, which increases as the food moves through
the distribution system because to the cost of food that is
lost at each step must be added the cost of storing and
handling the food in all the previous steps in the chain.
Another important economic aspect is that those develop-
ing countries that need to import substantial quantities of
food find that the cost of paying for this food places a
great burden upon their overseas balance of payments.
The reduction of post-harvest losses within the country
should reduce dependence upon imported foods and
reduce the burden that purchasing this food places upon
overseas Currency reserves.

There is yet another important aspect of post-harvest
food losses and this is ‘the feed-back incentive’. In some
countries farmers could well increase their production but
at present they are unable to store food for any lengthy
period of time. There is no incentive to increase
production when they know that the extra production will
spoil before it can be utilised or sold. If the post-harvest
losses that they suffer at present could be reduced or
eliminated there would be more incentive for them to
increase production.

Webley (1984), in presenting a series of lectures on
loss assessment to officials from developing countries
during a course on preservation of stored cereals,
introduced an interesting philosophy as follows:

It is also necessary to be clear about the relationship
of loss assessment to loss reduction. It is, of course,
the general intention that the measurement of losses
will lead to steps being taken to reduce them.
However, unless one is careful, it is easier to suggest
some loss reduction measures and in so doing,
prevent loss assessments being made. Thus, it is
easier to tell a marketing board that it has an insect
infestation and ought to fumigate and perhaps carry
out a demonstration of fumigation, than it is to tell
the board that it has an insect infestation problem and
that there must be an exercise to measure how much
commodity, quality or money the board is losing by
its current inefficient storage program. Marketing



boards often do not welcome that sort of informa-
tion, whereas they would generally listen to advice
about cleaning the store.

2.7 Conclusions

The spectre of malnutrition, starvation and famine
should bring a shudder to those fortunate enough to live in
an affluent society but let us not fail to recognise that this
spectre in each of its phases is largely related to
economics. Whilst it is affected by the wastage of food to
insects it is not so much related to average loss but to the
price of grain at its peak — just prior to the next harvest.
This can be relieved by the ability and capacity to store
grain for long periods. Such long-term storage means (a) a
better price for farmers at harvest time and (b) a lower
price for consumers just before harvest. These objectives
are addressed by some national and some international
government support programs but need greater effort and
greater resources.

Semple (1985) reviewed the current situation in
ASEAN countries and made recommendations for future
requirements. He pointed out that the constraints to safe
storage of cereals and secondary food and feed crops in
ASEAN countries have been amplified by the introduction
of high-yielding varieties and multiple cropping systems
resuiting in harvesting during the wet season. Traditional
systems of drying and storing this increased production
have proved to be inadequate, resulting in grain that is
subsequently of poor quality. Improvements in storage
facilities, warehouse management and the utilisation of
pest control techniques to reduce losses will only be
initiated in the private sector, and at farm or rural village
level, if financial incentives for higher quality and
workable grades and standards are devised. He provided
extensive information on the species of pests most
commonly encountered, the commodities they infest, and
the estimated storage losses based on limited field
evaluations and laboratory trials in order to give an
indication of the severity of the problem with respect to
storage type and duration.

Snelson (1979d) in a paper to the Second International
Working Conference on Stored Product Entomology
suggested -that everyone should accept a share of the
responsibility for preventing avoidable losses of stored
products. Suitable technologies exist and have been
evaluated under a wide variety of conditions. Chemicals,
including grain protectants and fumigants, currently offer
the major line of attack against insects but must be
recognised as adjuncts to good management, to reinforce
hygiene and sanitation and to enhance the effectiveness of
suitable storage facilities.

Webley (1981b) strongly recommended to the GASGA
Seminar on Appropriate Use of Pesticides for the Control
of Stored Product Pests in Developing Countries the
acceptance of insecticides approved through the FAO/
WHO Joint Meeting on Pesticide Residues as the best
remedy available for reducing insect attack on susceptible
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commodities even when orderly and hygienic storage
systems are available. He indicated that such treatment is
necessary to avoid losses and, notwithstanding the
theoretical risks involved, the use of approved insecticides
is certainly safer than many traditional methods of insect
control.

As if the loss of badly needed food and the increased
cost of food staples were not sufficiently serious,
particulary in the poorest countries, the realisation that
stored-product pests cause selective loss of vitamins and
vital amino acids and an increase in dangerous mycotox-
ins should spur the world community to develop the
capabilities and capacities necessary to reduce insect
infestation to the smallest level possible.

The short- and long-term effects on human health and
the reduction in animal production caused by mycotoxins
and related diseases warrant additional research effort and
an educational campaign to bring home to those responsi-
ble for grain storage the importance of correct and
adequate storage management.

Most of the developing countries of the world lie within
the tropics where the prevailing high ambient tem-
peratures make the preserving of stored foods considera-
bly more difficult than it is in temperate climates.
Naturally occurring deteriorative chemical reactions are
accelerated in the tropics. In addition, the year-round high
temperatures of tropical countries allow insect pests to
feed and multiply throughout the year, whereas the cold
winters of the temperate climate countries stop reproduc-
tion and reduce the feeding activities of these pests. In
very cold climates the low temperatures kill many of the
insect pests. Economic constraints prevent tropical coun-
tries from adopting measures that would enable grain to be
cooled to the point where insect reproduction slows down
or stops.

In simple terms, post-harvest losses mean that a large
sector of the world’s agricultural resources is being
wasted. This sector producing food destined never to
reach the mouths of needy consumers occupies large land
areas, represents soil fertility loss, is wasteful of human
labour, and is a drain on the economy. It is therefore
surprising to discover what little effort is being made to
prevent wastage by saving food that has already been
produced and harvested and is actually in our hands. How
much longer can we ignore the spectre of millions of
tonnes of grain going to waste each year due to the ravage
of insects, when it could have gone into the stomachs of
hungry people? At present there is no hope of recovering
or preventing all of the losses but the application of
available knowledge and relatively inexpensive tech-
niques could quickly reduce the worst of them.

Any such program to control insects in grain products
must be an organised, co-ordinated system of approach,
regardless of the method of controlling the insects. At
each stage of the progress of grain from the harvest field
to the consumer there must be contributions to the
objective of preventing loss of food. Constant surveillance




is a vital factor in the establishment and maintenance of an
effective program to control insect pests of stored
products.
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3. International Grain Trade

The FAO Production and Trade Year-Books provide a
continuing record of grain production and export and
import movements from individual countries. The pattern
of these movements is continually changing as crop
prospects and harvests vary — thus countries which
normally export grain may become nett importers in
adverse seasons. Only 10% of the world’s grain produc-
tion enters international trade and though countries such
as Australia may be significant exporters of grain they are
minor producers when compared with more populous
countries such as China, India and the USSR where most
grain produced is consumed locally. The insect infestation
problem is of major concem for those responsible for the
preservation of grain within the storage and distribution
systems of the countries where it is produced for export
because grain-importing countries are no longer prepared
to accept grain with significant infestations and many
have established strict legal, administrative or contractual
requirements which have to be met.

Most of the insects and mites found in grain have
originated in the Old World. Ships, trucks, trains, planes
and every other conceivable type of conveyance have
facilitated their distribution throughout the grain growing
and grain handling regions of the world. Once established
in a grain store, insects can damage stored grain by
feeding on it, lowering germination, spoiling its ap-
pearance, lowering its milling quality, producing off-
odours, causing it to heat and by creating conditions
favourable for the growth of moulds, greatly increasing
indirect losses of valuable food and feed.

Quantitative data on the importance of the major stored-
grain pests and the losses they cause are not available
from most countries. As the situation can vary markedly
from place to place within a country, and from year to
year because of differences in weather, changes in
varieties grown, management of grain stocks, and pest
control procedures and their effectiveness, precise figures
are unobtainable.

Apart from the direct losses, indirect financial loss may
result if the presence of insects and damage causes the
commodity to be placed in a lower grade or be rejected
entirely — this is particularly so when official grading
systems are operated in national and international com-
merce. Infested grain may yield less flour and may
contain excessive amounts of insect fragments. In some
countries, grain products so contaminated may be con-
demned by public health authorities, but may still be used
as feed for livestock.

The presence of insects may lead to grain or grain
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products being rejected if phytosanitary standards are
applied on import into certain countries. Some commer-
cial contracts may give the buyer the right to reject grain if
insects are found, particulary in grain for malting. In other
instances buyers may impose penalties operable under
threat of not negotiating further sales. The cost of
preventative and curative measures must also be taken
into account. Disinfestation at port of entry often entails
expensive demurrage charges.

The presence of insects or mites is recognised in
national and international trade by clauses in commercial
contracts and in the various official grading regulations of
exporting countries. These place limits on the amount of
insect damage which will be accepted, and may or may
not tolerate the presence of living insects or mites. Thus,
the Canadian and Australian regulations stipulate that
wheat presented for export must contain no living insects
or mites (the requirement being referred to as ‘nil
tolerance’); while the USA allows only one live weevil or
a larger number of other insects per kilogram of wheat or
maize. Similar official regulations apply to cocoa beans
exported from Nigeria and Ghana and to groundnuts from
South Africa and the USA. The mere presence of insects
can result in severe financial loss if an importing country
imposes strict quality standards. Freeman (1976) stated
that this is so for China, where the discovery of one living
insect in a cargo of wheat can result in the shipment being
either rejected or accepted only after expensive fumiga-
tion.

The movement of infested parcels of grain and grain
products in international trade has provided an effective
means of ensuring the widest possible geographic spread
of storage pests since cereals were first harvested. The
continued introduction of the major pest species into
climates outside their normal distribution ensures also that
all these species may be found in all parts of the world
notwithstanding that infestations of some species may be
somewhat transient under local conditions, for example,
Sitophilus granarius in the tropics (Champ 1984).
Resistant strains may also be transported (Champ and
Dyte 1976).

Because of the bulk and relatively low value of cereals,
international transport is almost exclusively by sea,
although rail and road transport may become significant in
limited areas. The infestations which occur in ships
originate either in the commodity before loading or from
cross-infestation from residues of previous cargoes or
other infested cargoes being carried. It is often difficult,




however, to determine the precise origin of particular
infestations.

It is interesting and useful to look back to the situation
which prevailed 30 years ago and to recognise that
enormous progress has been made in reducing infestation
of grain in international trade. In the light of this success
we must accept that further progress is possible and worth
working for. John A. Freeman, who spent a lifetime in
research, administration and teaching on the subject of
pest infestation, made a review of problems and control
methods (Freeman 1957) in which he placed great
emphasis on the problems of controlling insect infestation
in grain moving in course of trade. He pointed out that
even if grain is not stored in the producing country, it may
be in the consuming country. There is always the risk that
grain may be damaged by development of infestation
during carriage by sea. For these and other reasons, he felt
that the prevention and control of infestation should be
regarded as essential through the whole process from
production to consumption.

In Freeman’s opinion no country, whatever its geogra-
phical situation, can safely dispense with measures for
prevention and control of infestation if it is to conserve its
own reserve stocks and export grain in good condition.
The need to protect grain from attack by insects as distinct
from control of outbreaks, is particularly important in
countries like Canada and the United States, where grain
is marketed according to a uniform official grading system
in which living insects and the damage done by them are
grading factors. He referred to similar policies in
Argentina, Morocco and Algeria. The existence of
grading and quality control schemes which include
tolerances for living insects has the effect of forcing those
responsible for handling grain to carry out prevention and
control of infestation.

Freeman spent several pages in reviewing methods of
control which, in the absence of grain protectant insec-
ticides other than DDT and BHC dusts, depended almost
entirely upon fumigants, mainly the now superseded
halogenated liquid grain fumigants together with methyl
bromide and hydrogen cyanide.

Having recently made a survey of methods of infesta-
tion control used in grain exporting countries, Freeman
(1957) was able to lay stress on the fact that a major factor
in causing control measures to be carried out on a wide
scale has been the existence of official quality standards
for grain. Official controls had reduced the extent of the
problem for the importing countries, but these measures
appeared to have been taken primarily on the initiative of
the exporters rather than as a result of any direct action by
importing countries. Importing countries had for many

years accepted insects and mites as something inseparable .

from the commodity and therefore not a matter which
could be reasonably objected to. During recent years,
however, this attitude has been disappearing and more
pressure is being put on exporters to send goods free from
infestation. Owing to this previous attitude to infestation,
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the United Kingdom, in particular, had at that time very
few fixed installations in the ports and elsewhere for the
treatment of grain and other commodities. There were no
port silos equipped with built-in circulatory fumigation
although these had been installed in port silos on the
Continent, e.g. Antwerp and Rotterdam, for many years.
Whereas the major French ports had modern vacuum
fumigation installations used mainly for the treatment of
pulses, there were no public fumigation chambers —
atmospheric or vacuum — in British ports. This lack of
fixed facilities, combined with the demand for treatment
called for by official action or by enlightened importers,
had caused the development of substitute methods such as
fumigation in hatched store barges and under gas-proof
sheets on quays and in dock sheds.

It is of interest to examine the report of the Infestation
Control Laboratory of the U.K. Ministry of Agriculture,
Fisheries and Food which is published every three years
and which deals with many scientific aspects of pest
infestation control. The plaintive statement which in-
troduced the 1962—64 report on infestation of imported
produce — ‘Problems of control of infestation within the
country would be simpler if imported food, feeding stuffs
and raw materials were not infested. It is the policy of the
Laboratory to encourage, by all possible means, the
proper care of product in countries of origin and during
transport so that imports are free, or nearly free from
infestation, represent better value for money and do not
give rise to all kinds of secondary losses’ — is as
scientifically true as it is politically obvious.

The report for that period went on to state that —
‘during the period there was a general decline in overall
infestation and the rate of occurrence of certain species,
particularly those associated with cereals. This was
mainly due to the marked reduction in infestation of wheat
from Australia, and to a lesser extent in that from
Argentina.’ It should be noted that 1961-62 saw the first
use of malathion for grain protection on a commercial
scale. In the case of Australia this period not only
involved the extensive use of malathion but also fumiga-
tion with hydrogen phosphide, together with inspection of
grain at time of shipment and preloading inspection of
ships.

Turtle (1965) reported results of a survey of residues in
grain arriving in the United Kingdom from overseas. This
revealed that wheat from Australia and Argentina and
maize from South Africa contained low levels of malath-
ion, indicating that the use of this insecticide as a grain
protectant was becoming widespread.

The report of the Infestation Control Laboratory for
1968-70 contained the observation that recent legislative
action overseas had resulted in the quarantine of the port
of Mombasa, Kenya against storage pests (1968), the
compulsory certification of Tanzanian export products as
free from pests (1968) and a compulsory preloading
inspection of the holds of ships carrying Nigerian produce
(1969). The insistence of food manufacturers that many



imported food products be completely free from infesta-
tion had brought about an extension of a practice of
routine fumigation in the producing country to include
Australian and U.S. rice and some Australian oats. The
most notable change affecting the inspection of imports
had been the rapid development of containerisation and
development work in Australian which had shown that
commodities can be satisfactorily fumigated after being
loaded into freight containers.

The report for 1971-73 started off: ‘The incidence of
infested cargos of wheat has generally remained low with
the virtnal absence of infestation on Australian wheat
being maintained. An exception has been that on French
wheat which, with a considerable increase in the number
of shipments, has shown an upward trend. The fumigation
of commodities in containers before shipment, using
either methyl bromide or phosphine, has now become
routine practice for consignments from Australia, USA
and Italy’.

The report for 1974-76 commented that ‘the proportion
of infested cargos found changed little compared with the
previous 3 years, though this was partly due to an
increased tendency to select for examination cargos that
were more likely to be infested. The figure of 22%
infested, however, maintained the general decline in the
proportion of infested cargos intercepted over the last 10

years. It is apparent that the decline in infestation on
certain foods and animal feeding stuffs reflects improved
pest control. This has been most marked where the
authorities in the producing country have been able to
assess the efficacy of their control measures from regular
intellegence about the condition of the commodity on
arrival in the U.K. supplied by this Laboratory.’

Freeman (1974b) indicated that cargos imported into
Great Britain were frequently infested with storage
insects. The incidence ranged from 8% for cargos coming
from Europe to 33% from Africa and the Far East and
38% from the Middle East (see Table 3.1).

Freeman (1974a) drew attention to the spectacular
improvement which had been effected since modem pest
control procedures were introduced in 1961. As indicated
in Figure 3.1, from 80 to 100% of wheat shipments from
Australia prior to 1962 were found to have insects in them
on arrival in the U.K. This had declined to less than 5%
by 1970 and by 1973 no infestations were found. This
extremely satisfactory position has been maintained over
the past eight years. The number of shipments inspected
in 1970 was 166. Banks and Desmarchelier (1978)
pointed out that Australian grain, once notorious for its
high insect levels, now enjoys a reputation as one of the
cleanest on the international market, a reputation achieved
largely through the use of chemical pesticides, par-
ticularly malathion.

Table 3.1. Frequency of occurrence of storage insects intercepted in cargoes of plant and animal products imported
into Great Britain in 1972, from certain representative areas of origin (total numbers of cargoes seen from

each shown in brackets) (Freeman 1974b)

Percentage of cargoes infested

Principal insects Europe Mediterranean Middle East Far East Africa
819 (706) (721) (603) (1,622)
Ephestia cautella 4 15 15 22
Tribolium castaneum <1 1 25 24 16
Dermestes maculatus - 1 7 — 2
Necrobia rufipes - 1 4 5 2
Oryzaephilus mercator - - 4 10 1
Corcyra cephalonica - - 1 7 3
Lasiodernia serricorne - - 5 - 2
Trogoderma granarium - - - 8 1
Alphitobias diaperinus - - 4 -
Sitophilus granarius 5 - - - -
Ahasverus advena - - - 3 -
Tenebroides mauritanicus - - 1 4 -
Sitophilus oryzae - - 2 -
Oryzaephilus surinamensis <1 1 1 4 -
Dermestes frischii - 1 4 - -
Plodia interpunctella - | - - -
Sitophilus zeamais - - - 2 -
Infested with any insect 8 9 38 33 32

Based on inspections carried out by the Ministry of Agriculture, Fisheries & Food and the Department of Agriculture

and Fisheries for Scotland.
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Figure 3.1. Level of infestation of Australian wheat
imported into Great Britain. Numbers in-
dicate cargoes inspected (Freeman 1974a).

Freeman (1974b) discussed the various insects and
mites attacking stored grain, flour and malt in temperate
countries with special reference to Great Britain. He
pointed out that in most industrialised countries with
temperate climates direct losses of food due to attack by
insects and mites are relatively small and are of much less
economic importance than the consequence of the dis-
covery of small numbers of living or dead insects or mites
by the purchaser. This means that in addition to the
development of measures for control of existing infesta-
tions, considerable effort must be devoted to the preven-
tion of infestation, especially in manufactured foods and
those which pass to the shop with little or no processing,
such as nuts and dried fruit.

Losses in temperate countries occur not only because of
the development of insect and mite populations already
established in unheated and heated buildings but also
because of the introduction of insects in produce imported
from other countries, both temperate and tropical, alth-
ough the worst infested commodities are mainly of
tropical origin. Uncontrolled import of infested com-
modities not only offers risks of spread of storage pests to
new areas where they are not already established,
including heated premises, but also of continued damage
to the imported commodities during storage, and of spread
of insects to clean commodities stored nearby (Freeman
1974b).

Champ and Dyte (1976), in the report of the FAO
Global Survey of Pesticide Susceptibility on Stored Grain
Pests provide extensive information on grain production
and trade, and the importance of major storage pests in
each of 30 contries. The information is segregated for
each of the major cereal varieties — wheat, barley, millet,
sorghum, rice, and maize. The 300 page report recognises
two distinct levels of pest controls. The first is at the local
level and is essentially concerned with preventing

physical damage or loss of commodities as for example in
subsistence agriculture. The second type of control is
concerned with contamination by insects of commodities
in commerce; particularly in international trade. There is
usually negligible physical loss of foodstuffs but partly for
aesthetic reasons and particularly because of a growing
appreciation of the potential damage and economic losses
that insects represent, such contamination has become
unacceptable in international trade. It is becoming in-
creasingly apparent that technological advances in
agriculture have created surpluses for marketing in both
large- and small-scale farm production and standards of
insect freedom applicable to international trade are now
becoming accepted as a general requirement throughout
the industry — both in local and export trade.

Champ (1976) pointed out that, although there appears
to be a steady decline in the severity of the problem
resulting from consumer demand and the associated
introduction of compulsory inspection and fumigation of
export commodities in the countries of origin, the
extensive and spectacular control exercised by grain
protectant insecticides, and less importantly containerisa-
tion, the problem remains serious. Of particular concern
are the residual infestations in ships as these provide a
continuing source of infestation by populations containing
the various species and strains which have been carried
previously in infested cargos. Less important but of
significance also are the resident populations in the food
storage and handling areas of the ship. The extent of these
residual infestations has been highlighted by the intro-
duction of compulsory inspection and treatment of ships’
holds in exporting countries to supplement pre-loading
control measures, as for example in Australia, Canada,
Nigeria and the USA, where export grain and other
commodities can be loaded only into ships that have been
certified by inspection to be free of infestation.

Jeffries (1979) described the legislative, administrative
and technical requirements established in Australia to
maintain the quality of grains and allied food and
feedstuffs held and handled for export and domestic
markets. Because of considerable problems being encoun-
tered with insect infestation in export wheat in the late
1950s there were many complaints from overseas buyers
leading to the promulgation of the Exports (Grain)
Regulations in 1963. These regulations imposed obliga-
tions on the government, exporters and shipping compan-
ies. It is mandatory for inspections to be carried out prior
to export to ensure that:

® the grain is not infested with insect pests;

® the grain is not otherwise in a condition that renders
it unfit for export;

® the cargo spaces and dry stores of a ship presented to
carry grain are not likely to cause the grain to
become infested or contaminated in transit;

® other cargo likely to cause infestation or contamina-
tion is not loaded into the same cargo spaces;

® places in which grain for export is stored or vehicles



or equipment in which it is moved are not infested by
insects or in a condition which may cause it to
become unfit for export.

The acceptance of these regulations by grain handling
authorities and exporters has enabled the Australian
Government to establish a nil tolerance for insects in grain
presented for export. This means that grain which is
continuously under inspection as it is being loaded on the
ship will be rejected if any living insect is detected. The
rejected grain has to be fumigated or otherwise treated in
an approved manner to ensure that all insects are
destroyed before it can be re-presented for inspection prior
to export. To achieve this high standard it has been
necessary to ensure that storage and handling facilities are
cleaned meticulously, inspected regularly and subjected to
regular and systematic sanitation. Since grain used for
domestic markets is not segregated from that destined for
export the Australian consumer benefits from these strict
export standards. The stimulus to devise techniques for
handling, storing and safeguarding grain may have
applications in many other countries.

The Council of Europe (1973) passed a resolution
recommending that the governments of the 7 countries
who are parties to the Partial Agreement, together with
Denmark, Ireland and Switzerland should endeavour to
persuade the countries from which they import cereals to
adopt the following measures:

1. treatment with pesticides to be under responsible
and expert supervision;
use of persistant organochlorine insecticides such as
DDT, aldrin, dieldrin, heptachlor and chlordane to
be prevented and the reason for this explained
locally;
specified pesticides to be used only in accordance
with prescribed procedures;
exporters to consult with authorities in importing
states regarding the acceptability of cereals treated
with pesticides.

2.

The regulations list pesticides generally acceptable on
cereals in importing countries and give notes on their
application. They also describe acceptable methods of
applying insecticides to cereals and storage premises and
indicate effective dosage rates.

Snelson (1979d), in reviewing the prospects for the use
of chemicals in protecting world food supplies, drew
attention to the significant increase in the standards
demanded by purchasers of grain and other stored
products and how this has been reflected in national and
international trade by clauses in commercial contracts.
These place limits on the amount of insect damage which
will be accepted, and may or may not tolerate the presence
of living insects or mites. The presence of insects can
result in severe financial loss if an importing country
imposes phytosanitary or quality standards. He pointed to
efforts made by FAO and other international agencies to
bring about a better understanding and acceptance of the
need to use chemicals in protecting world food supplies.
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Snelson (1979b), in discussing the significance and
safety of pesticide residues in stored grain, pointed out.
that they have become one of the quality standards which
are important in the marketing of grain. He outlined the
efforts that are being made to obtain international
agreement on legal limits for residues. Whether by
accident or by design, chemical residues, including
residues of a wide range of agricultural chemicals, have
become a hazard to international trade in food com-
modities and in a number of instances have become
barriers to free trade in important foodstuffs. Concern
over the development of such trade barriers and the need
to have assurance on matters of public health concern,
prompted the Food and Agriculture Organization (FAQ)
and the World Health Organization (WHO) of the United
Nations to sponsor meetings of member governments and
provide a forum for discussion and agreement on
international standards for residues in food commodities.
An ability to meet these standards is not only advan-
tageous but essential to secure a place in the international
grain market.

In a more comprehensive review of pesticide residues
in international trade, Snelson (1980) stressed the impor-
tance of the efforts being made to bring about a better
understanding of the many aspects of the evaluation and
regulation of pesticide residues and the harmonisation of
legal limits in the interests of public health and inter-
national trade in foodstuffs.

Desmarchelier (1981a), in discussing the use of
insecticides for the control of infestation on exported grain
and pulses, pointed out that acceptance by importers is the
limiting factor for the use of insecticides to control insects
on grains and pulses. A major rationale behind the
philosophy of the Codex Alimentarius Commission is
acceptance by all countries of recommended maximum
residue limits, so that trade can be free and exporters can
plan strategies for pest control. An exporting country can
only segregate grain according to pesticide preference of
importing countries at great costs, and only if the
preferences of such importing countries are effective in
the exporting country. The problems associated with the
control of insect pests in hotter climates are not always
recognised by those living in colder climates.

Desmarchelier (1981a) believed that we face an
enormous task over the next 20 years to prevent the food
shortages foreseen by President Carter’s Global Survey.
Protectants are an indespensible part of an overall strategy
to alleviate famine. This is because they can be used in all
types of storages and because they provide protection
during transport of grain. This point is important when it
is considered that imports in 20 years’ time in Asia are
predicted to nearly equal current world imports. This task
may well be impossible, given the best circumstances, but
non-acceptance now by importers of the international
standards proposed by the Codex Alimentarius Commis-
sion will make the difficult task even harder. We need to
develop new chemicals that will not be used until 1990,



but this will not be done if non-acceptance of insecticides
is a barrier to trade.

Snelson (1981e), describing the regulation of
chemicals and chemical residues, pointed out that the
buyers of agricultural produce dictate not only the demand
and price, but standard of quality as well. In order to meet
the high standards demanded by overseas markets or set
by foreign competitors, producers must employ modern
technology to prevent blemish from pests and diseases. In
so doing, it is absolutely necessary to avoid odours and
visible residues and to control invisible residues to ensure
that these never exceed the limits fixed by legislation or
convention in the market place.

Wilson and Desmarchelier (1981), having encoun-
tered great difficulties in sampling bulk grain held in
vertical and horizontal silos, developed a technique in
which the railway wagons, and presumably also the motor
trucks, used to transport the grain to terminals and
seaports could be used to obtain representative samples of
the grain for the determination of chemical residues.

Story et al. (1982b) advised that insect infestation is a
source of foreign complaints about the quality of US
grains. To investigate what was considered to be the most
significant and prevalent quality problem, the incidence of
insects in wheat and corn for export from the United
States was determined in grain loaded at 79 port terminals
in the United States and Canada during a 2-year period
from January 1977 to December 1978. One or more live,
stored-product insect species were found in 17.9% of the
wheat samples and 22.4% of the corn samples. Insects of
the genus Sitophilus were the predominant ones in all
samples, with 7.7% of the wheat samples containing an
average of 4.2 weevils per 1000 g and 14.4% of the corn
samples containing an average of 5.8 weevils per 1000 g.

Story et al. (1982a) measured the incidence, concen-
tration and effectiveness of malathion treatments in wheat
and maize samples obtained from 79 port terminals in the
United States. The presence of biologically active levels
of malathion was inferred by bioassay assessment in 28%
of 2058 wheat samples and in 8.4% of 2383 maize
samples examined during a 2-year period from January
1977 to December 1978. At terminals where the grain was
not treated immediately prior to sampling, the incidence
of malathion on grain arriving at the ports was only 11.6%
for wheat and 7.7% for maize. Among all grain samples
in which the presence of malathion was inferred from the
bioassay data, only 2.7% of the wheat samples and 0.7%
of the maize samples contained live insects. In contrast,
the overall incidence of live insects in all exports samples
examined during the 2-year period was 17.9% for wheat
and 22.4% for maize. These data suggest that malathion is
still sufficiently effective to limit insect infestations in
grain. The investigators deduced that the overall use of
malathion in stored-grain insects control programs from
farms to export was minimal.

Wilkin et al. (1983) carried out a survey of pesticide
use on grain and commercial grain stores in the United
Kingdom during 1982. They found that grain protectants
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were used in 96% of commercial stores including 28% in
which they were used to treat all the grain received. The
authors considered that this was in response to the more
stringent marketing requirements which have affected the
UK grain trade as a result of considerably increased
production, the growth of the export trade and member-
ship of the EEC. Approximately 25% (5 million tonnes)
of the UK cereal production was exported in 1981.

Horrigan (1984), in discussing the export inspection of
grain in the future, considered that the ability to export
grain to the current standard of freedom from insects is
dependent on the availability of grain protectants. The
desire to reduce the dependence on pesticides has led to
the investigation of alternative methods of pest control.
The alternative methods now available have been de-
veloped to the point where the economics of some
approach that of grain protectants. These methods, e.g.
ambient aeration, use of carbon dioxide and fumigants in
sealed storages and thermal disinfestation, will, if used
carefully, still allow the industry to export grain that
meets the phytosanitary requirements of overseas coun-
tries. However, these methods also present practical
problems in that they provide no residual protection
during transport of grain overseas. It has been demon-
strated that storage insects are very mobile, with the
ability to seek out small amounts of grain over considera-
ble distances. Observations in export grain terminals show
that endemic populations of grain insects are usually
present and extremely difficult to eradicate. Reinfestation
from grain brought from country storages occurs re-
gularly. The inference is that unprotected grain will,
during transport and handling, become reinfested prior to
export unless greater efforts are made to provide a pest-
free grain pipeline.

Snelson (1984) in an extensive presentation concerning
pesticide residues and their significance mentioned that
the presence of chemical residues in food and agricultural
commodities has resulted in many ‘unofficial’ trade
restrictions. When the importing country has established
very low legal limits for such residues, it is possible to
reject or refuse imports on the grounds that the rejection is
legally justified. The defence that legal residue limits are
designed to protect the health of the consumers is hard to
challenge. Many countries have attempted to seek protec-
tion for their local agricultural interests by designing
legislation refusing importation of food commodities
containing even insignificant quantities of residues. Such
moves have been attempted in countries with heavily
subsidised agriculture where efforts to invoke low max-
imum residue limits have been proposed in an effort to
achieve protection for an uneconomic local agriculture.

Semple (1985), in reviewing problems related to pest
control and use of pesticides in grain storage, drew
attention to the current situation in ASEAN countries
where concerted efforts are being made to expand the
production capabilities of the major staple food and feed
grains to the point of self-sufficiency or even export. Such



a policy is necessary to reduce burgeoning foreign
exchange deficits. To meet this objective, considerable
attention is being given to improve storage facilities,
warehouse management and the utilisation of pest control
techniques. These will have to be applied at the farm or
rural village level as well as in the commercial sector and
for long-term storage of national reserves. The rapidly
expanding population throughout South East Asia means
that considerable quantities of grains, far above those
possible under traditional methods, must be accom-
modated.

Snelson (1985a), in dealing with safety considerations
for use with pesticides in humid tropical grain storage
systems, stressed the need to ensure that at no time do
residues of grain protectant insecticides and fumigants
exceed the limits fixed by legislation or convention in the
market place. When a consignment is rejected in a foreign
market the value of that consignment is lost and the
resulting publicity can often damage the future prospects
for the exporter and for others engaged in similar trade. If
the loss of the consignment means that the shipper can no
longer meet contractual obligations, substantial damages
may be claimed by the importer and the exporter is likely
to face a considerable increase in insurance premiums on
future shipments. It is not unlikely that such an incident
could result in protracted negotiations on a government to
government basis. More often than not the incident arises
merely because in the importing country:
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1. there is not yet a legal limit for the particular residue
in that food commodity;

. the limit is set at a slightly lower figure than is

accepted internationally;

the definition of the residue is different to some

minor extent;

sampling and analytical problems have resulted in

apparent violation of the laws.

Snelson and Desmarchelier (1975) presented results
of an international collaborative study on the analysis of
grain for residues of grain protectant insecticides with
reference to the following criteria: half-lives, representa-
tive sampling, analytical variability and evaluation of
extraction procedures. They pointed to the need for
international agreement on many of these issues and
particularly the desirability of incorporating confidence
limits into methods of regulatory analysis.

Although there appears to be a steady decline in the
severity of the problem of insect infestation resulting from
consumer pressure and the associated introduction of
compulsory inspection and fumigation of export com-
modities in the countries of origin, the extensive and
spectacular control exercised by malathion and the newer
grain protectant insecticides, and less importantly, con-
tainerisation, has had a marked influence on the incidence
and level of insect infestation in infestable commodities
moving in trade. Unncessary concern over residues has, to
some extent, taken the place of the real problems
produced by insect pests.

3.

4.



4. Control Measures

In order to appreciate the place of and prospect for grain
protectant insecticides it is important to understand how
they compare with and relate to alternative control
methods.

Each of the many methods of insect control has its place
and its advantages. There are many situations where two
or more methods can be used in an integrated program.
Not all methods, however, are suitable for use in every
situation. Without effective and well-planned storehouse
management all the available control techniques will fail.

Certain non-chemical methods of pest control appear
attractive since they do not suffer from the disadvantage
of residues and the development of resistance. However,
they require specialised storage structures and equipment
involving high capital investment, sophisticated man-
agement and facilities. Their introduction to industry on a
significant scale is therefore likely to take many years,
probably many decades, in much of the world.

Chemical control methods, on the other hand, have the
advantage of effectiveness, simplicity, versatility, low
cost and immediate availability and are therefore the ones
most likely to be used during the next several decades.
Before looking at grain protectant insecticides let us first
review the non-chemical and alternative chemical meth-
ods of insect control.

Chemical control must be placed in its correct perspec-
tive. It is necessary to reiterate the framework on which
practical infestation control programs are based. Practical
infestation control is an integration of the following:

® adequate drying of the commodity to be stored;

® use of suitable storage facilities and, if necessary,
their improvement to an acceptable standard,
use of aeration and other physical control methods if
practicable;
good warehouse keeping including sanitation;
regular inspection for infestation or other causes of
deterioration,;
use of commodity protectants;
use of residual insecticides on storage structures;
fumigation, where infestations become established;
if appropriate, changes in varieties of grain produced
and changes in harvesting techniques.

4.1 Biological Control of Stored Grain Pests

Biological control may be defined as a method of
reducing damage done by a pest by means of a biological
agent — traditionally a parasite, predator or disease. In a
broader sense, biological control may be considered to
include the manipulation of other biotic facets of the
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pest’s life system, such as its reproductive processes, its
behaviour, the quality of its food, and so forth. Here, the
broader view will be taken so that some relatively new
approaches, as well as the classical ones, may be
considered.

The stored-grain ecosystem places several constraints
on the potential use and success of biological control. The
level of pest infestation tolerable to grain exporters and
consumers makes it very difficult for pest populations to
be sufficiently abundant and persistent for biological
agents to establish themselves and become effective.
Predators, parasites and genetically manipulated pest
populations found amongst the grain would themselves be
regarded as contaminants. The physical conditions of
well-stored grain are not those which favour the spread of
pathogens.

All in all, the potential for biological control of stored-
grain pests appears limited.

Arbogast (1984) reviewed the status and prospects for
biological control of stored-product insects and concluded
that the potential value of biological control has been
clearly demonstrated, but technologically it is still
rudimentary. Further development will require field trials
to answer questions concerning: (1) efficacy under actual
conditions of commercial storage; (2) compatibility with
other storage procedures; (3) cost effectiveness; and (4)
undesirable side effects.

Evans (1984b) has given a comprehensive overview of
the subject and much of the information in this section is
taken directly from his work.

4.1.1

The parasite is an organism that benefits by feeding
upon, or securing shelter or transportation from, one or
more other organisms, its hosts, which may not neces-
sarily be killed. By contrast, a parasitoid invariably kills
its host and requires only one host for development. A
predator is an organism that feeds upon 1 or more hosts
but seldom obtains shelter or transport from them.
Predators always kill their hosts.

The abundance or density of a parasite or predator
generally depends upon the abundance of its host.
Characteristically, the relative number of the host and
parasite oscillate somewhat out of phase i.e. an increase in
the host population is followed by a corresponding, but
delayed, increase in the parasite or predator population.
The reduced host population cannot support the increased
parasite population, which then gradually wanes and

Parasites, Parasitoids and Predators



allows the pest population to recover and a another
oscillation to start.

A successful parasite or predator (Stehr 1975) has
attributes such as:

® a general adaptation to the environment and the host;

® a high searching capacity;

® a high rate of increase;

® a mobility adequate for dispersal;

® a small time lag in responding to a change in the

abundance of the host.

Evans (1984b) discussed each of the parasites and
parasitoids known to attack stored-grain pests. Even the
most aggressive failed to reduce pest populations either
within an acceptable period of time or to tolerable levels.

Insects of the order Coleoptera (beetles), Heptoptera
(bugs) and Hymenoptera (wasps) are capable of attacking
stored-product pests and several have received much
attention as possible biological control agents. Some of
these species will attack humans and none appears to have
characteristics that make it suitable for controlling stored
product pests under practical conditions.

Mites are frequent predators of stored-products insects
and other mites (Bare 1942). None is sufficiently
predaceous or adaptable to typical storage conditions to
exert an acceptable degree of control on their hosts.

Haines (1984), in an evaluation of the use of predators
and parasites in biological methods for integrated control
of insects and mites in tropical stored products, concluded
that there have not yet been any large-scale attempts to use
biological control by natural enemies in an integrated
program of storage pest management. Many species of
naturally occurring predators and parasites are commonly
and widely distributed in tropical storage. There is thus
little potential for the classical concept of widespread
artificial introduction of natural enemies of storage pests
to a geographical area. However, considerable evidence
exists to suggest that biological control, by the existing
natural enemies in stores, could be achieved by the
following: modification of conventional control
procedures to reduce their effects on beneficial organisms;
modification of aspects of the storage environment to
favour natural enemies; and augmentation or re-intro-
duction of predators and parasites in particular situations.
Nevertheless, there have as yet been very few field trials
to determine what levels of pest control can be achieved
by these techniques and to assess their usefulness in
practice.

Haines (1984) concluded that before any suitable
control strategies can be developed and implemented,
many more observations and studies, basic and applied,
need to be made. The major priorities for future research
are:

1. observations on the prey/host range of many of the

natural enemies for which such basic data are
lacking, and surveys of their distribution and
“occurrence;
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. ecological and behavioural studies, under relevant
environmental conditions, on species that appear to
have potential as control agents;

increased emphasis on the use of field trials to
evaluate the efficiency of potential biological con-
trol agents. Applied research has been concentrated,
in the past, on only a few groups of natural enemies.
There has been a lack of relevant research on the
parasitic Hymenoptera, which deserve more inten-
sive study. Kent-Jones and Amos (1957) reported
that such wasps serve as a useful indicator of the
presence of Tribolium species, but do not effectively
control such species. Wasps are unable to penetrate
bulk grain.

4.1.2 Diseases

The successful use of diseases for biological control
depends on the biology of both host and micro-organism
(Maddocks 1975). The host insects must occupy habitats
suitable for the introduction of the pathogen and have
habits that facilitate its transmission and spread. As
diseases act in a density-dependent manner, insects that
aggregate or are abundant are more likely to be suitable
subjects for this approach than those that are well
dispersed and seldom attain high density.

The principal attraction of control by pathogens is that
they are rather specific and thus harmless to non-target
organisms; they are compatible with and even, at times,
synergistic with insecticides; they are relatively easy and
cheap to culture; and they are not associated with rapidly
developing mechanisms of host resistance. The main
disadvantages are their requirements for careful timing of
application relative to incubation periods; their
specificity, which may limit their effectiveness in situa-
tions where a complex of species is involved; the
maintenance of their virulence which may be difficult;
and, finally, their infectivity which may depend greatly on
favourable climatic conditions.

To store grain successfully the humidity must be
controlled preferably below 65% to prevent the prolifera-
tion of moulds which degrade the grain, destroy its food
and feed value and produce mycotoxins which have far-
reaching consequences for human and animal health
(Goldblatt 1969; Purchase 1974; Rodricks et al. 1974).
Such controlled humidities are less than ideal for the
survival and proliferation of entomophagous fungi and
bacteria. Whilst the spread of fungi and bacteria may be
promoted by physical contact and cannibalism between
insects, such processes are density-dependent and
therefore run counter to the objectives of good grain
storage management.

Much effort has gone into the commercial production
and use of Bacillus thuringiensis, which was first isolated
from diseased larvae of Ephestia kuehniella. The bacteria
can infect Ephestia cautella, Ephestia kuehniella and
Plodia interpunctella. Treatment of the top 10 cm layer of
wheat in small-capacity bins with Bacillus thuringiensis,



reduced P. interpunctella and E. cautella populations by
about 81% and reduced feeding by more than 92%
(McGaughey 1980a).

Subramanyan and Cutkomp (1985) published an
extensive review of moth control in stored grain and the
role Bacillus thuringiensis might play in this. They
pointed out that very little has been published on the
efficacy of Bacillus thuringiensis in controlling moth
pests of stored grain. Most of the research has been done
in the United States by McGaughey and co-workers. The
species studied were Plodia interpunctella, Cadra
cautella, and Sitotroga cerealella. Although doses as low
as 10 mg/kg have been reported to be effective against
some moths in some cereal grains, doses as high as 250
mg/kg did not provide effective control of Sitotroga
cerealella in maize.

Even if Bacillus thuringiensis were to be regarded as a
‘disease’ rather than a biologically-produced insecticide it
would have to be used in a manner analogous to other
insecticides e.g. pyrethrum, where its lack of effect on the
major pest species (beetles) would limit its usefulness.

Other biologically produced insecticides such as aver-
mectin may have potential though this needs to be further
explored. Once again, such materials are insecticides
rather than insect-pathogens.

The use of viruses for the control of pests of field crops
and forests has met, in some instances, with considerable
success. The granulosis virus and nuclear-polyhedrosis
virus have been found in the larvae of Ephestia cautella.
McGaughey (1980b) used surface applications of a
granulosis virus to control this pest in small bins of stored
maize and wheat.

A variety of fungi are spectacular, if somewhat erratic
pathogens of insects. The performance of entomogenous
fungi is often erratic due to the necessity for suitable
temperature and humidity conditions to prevail before the
spores can germinate and infect their hosts. In addition,
the density-dependence of these pathogens frequently
results in their achieving adequate levels of control only
when the pest has already done considerable damage.

The protozoa have received relatively little attention to
date because they cause chronic rather than acute
infections. However, the reproduction of the hosts is often
curtailed with resultant long-term reduction of the host
population rather than high initial mortality.

Hodges (1984b), in reviewing the use of insect diseases
for integrated control of insects and mites in tropical
stored products, concluded that insect pathogens offer
distinct possibilities for the control of stored-product
pests. They may be admixed with bulk grain or dissemin-
ated by insects lured to a source of pathogen by an
attractant. One insect pathogen, Bacillus thuringiensis, is
already commercially available for use against moths. It
may be especially useful in situations where the moths are
particularly tolerant to insecticides or where insecticide
application is either not permitted or cannot be carried out
effectively because of unsuitable storage buildings.
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Before Bacillus thuringiensis is brought into more wide-
spread use, thorough testing of its efficacy under tropical
conditions is necessary.

Hodges (1984b) also believed that considerable re-
search is needed on the potential use of protozoa and
viruses. For example, the use of pheromones and other
attractants in pathogen dissemination would seem a
promising, yet almost unexplored field. It would also be
valuable to discover a single virus that could control all
storage moths. Owing to the rather specific nature of
pathogens it is almost inevitable that they will have to be
integrated with other control procedures for the protection
of stored food against a wide range of pests. Procedures
for the integration of pathogens with other control
measures offer a further area of necessary research.

In recent years, much thought has been given to the
possibility of controlling pests by means of manipulating
their genetic make-up. Several distinct types of genetic
manipulations or combinations of 2 or more types are now
proposed, usually for control of medically important
insects or field-crops pests. However, successes have
been few because the biological and logistical problems of
controlling large, dispersed and often mobile populations
in nature are formidable. In contrast, stored-product
insects, which might be more easily handled, have been
largely ignored by those interested in genetic manipula-
tion for insect control. Brower (1974, 1975) has made a
comprehensive evaluation of the potential for genetic
control of stored-product insect populations and his paper
contains a bibliography of 77 references and provides a
comprehensive appraisal of this form of approach to pest
control. However, genetic control is not a panacea.
Because it is species-specific, it would be more difficult to
apply if many different pest species were present in the
target area. However, some commodities are normally
attacked by only 1 or 2 species, and some species
presently have developed resistance to some insecticides.
In such instances, control by genetic manipulation may
well have an important role in an integrated pest control
approach. However, on present indications there appears
to be little likelihood that genetic control could be adapted
for the control of pests in grain destined for international
trade or for the management of pest populations at farm or
village level.

4.1.3 Pheromones

Pheromones are chemical ‘messages’ released by
organisms to influence the behaviour of other organisms
of the same species. In the case of non-social insects,
pheromones seem to be employed mainly in sexual
situations, for example, to advertise sexual receptivity
and/or to attract potential mating partners (Burkholder
1979; Levison and Levison 1979; Hodges 1984a).

Stored-grain Lepidoptera and Coleoptera are both
known to use pheromones in sexual situations. The
pheromones have usually been shown to be blends of
several different chemicals. Certain of the more volatile



types of identified pheromones have been synthesised and
made available commercially. In practice, however, the
majority of pheromones identified in recent years seem to
be relatively non-volatile, acting more as ‘arrestants’ (i.e.
insects tending to remain in the vicinity of a source of
such chemicals once they have ‘fortuitously’ arrived in
that vicinity) rather than as ‘attractants’. The potential for
control strategies based on the use of ‘arrestants’ seems to
be very much less than that of ‘attractants’.

Another obvious way in which ‘attractant’ pheromones
might be employed is to prevent mating and thereby
eliminate the next generation before it is conceived.
Attempts to achieve this end by trapping out the males of a
population have never proved of much value, mainly
because the non-trapped males are able to mate a
sufficient number of times to minimise the effect.

However successful such methods eventually prove, it
must be recognised that on their own they will almost
never provide complete control of field populations. As
attractants for traps that might enable population build-ups
to be detected and monitored, however, they may yet
prove completely successful when combined with other
control measures such as appropriately timed insecticide
treatments (Hodges 1984a).

There has been success from pheromone traps contain-
ing a moth-attracting pheromone and dichlorvos. These
have proved effective in European flour mills and stores
where the standard of hygiene is high and moths are the
only species that invade premises and then usually only in
low numbers by tropical standards. This specialised
application was proven worthwhile but it is unlikely to
meet the requirements where massive infestations of
mixed populations are encountered.

Burkholder (1984) reviewed the use of pheromones
and food attractants for monitoring and trapping stored-
product pests and concluded that they are powerful tools
and, when handled properly, can aid in the effective
management of pest insects. He forecast that pheromones
for other stored-product pests such as Sitophilus spp. will
shortly be available and these should offer a bright future
for detecting and monitoring these insects.

4.1.4 Host Resistance

Host resistance to insect attack is an important aspect of
biological control. Some of the factors involved in stored
grains are as follows:

1. Husk cover of maize. Long tight husks reduce attack

by weevils and grain moths.

2. Integrity of the husks of rice, barley, and oats.
Seeds with gaping or damaged husks are more
susceptible to attack.

3. Antibiosis. Seeds of some plants contain chemical
substances unacceptable to certain insects.

4. Physical and nutritional properties of seeds. A hard
seed coat and/or a vitreous endosperm contribute to
resistance. Maize seeds lower in certain carbo-
hydrates are less susceptible to weevil attack than
normal maize seeds.
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5. Definite oviposition preferences exist amongst seed
species and varieties. Prospects of breeding or
selecting plants with less susceptible seeds are
promising.

The resistance to pest attack of many varieties and
hybrids of cereals has been repeatedly demonstrated in
laboratory experiments. At more subtle levels, several
varieties of shelled maize may be equally susceptible to
Sitophilus zeamais in terms of the number of eggs laid but
resistant in that they may share marked differences in the
survival of the immature stages (Dobie 197S). Thus,
Kenya maize hybrid H622 is less resistant than ordinary
Kenya Yellow maize in that almost 3 times more weevils
emerged about 14% more rapidly from H622 than from
Kenya Yellow, following equal oviposition by attacking
weevils. The differences in survival appear to be related to
the flouriness of the endosperm (Dobie 1975).

Dobie (1984a) reviewed the use of resistant varieties
for integrated control of insects and mites in tropical
stored products and concluded that the use of resistant
varieties can contribute effectively to the safe storage of
food crops. Most crop species that have been investigated
have shown a certain amount of variation in resistance to
major storage pests and plant breeding programs could be
designed to exploit such variation and to produce resistant
varieties. Farmers who store their own produce in tropical
and sub-tropical areas are usually very aware of the need
for crop varieties to be resistant to storage pests. It
remains necessary for storage entomologists and plant
breeders to collaborate increasingly in the production of
varieties that have other desirable agronomic characteris-
tics together with resistance to storage pests.

In considering the question of resistance of stored
commodities to attack by traditional stored-product pests,
it is important not to jump to the wrong conclusion as a
result of limited experimentation. Many species of stored-
product pests have difficulty in adapting quickly to an
unfamiliar cultivar of the same type of grain that they and
their antecedents have been accustomed to. To take
insects that have been reproducing successfully on one
cultivar and transfer them to another almost always results
in a sudden lowering of their productive (and reproduc-
tive) capacity — but only for 1 or 2 generations. Workers
at the Stored Grain Research Laboratory, CSIRO, Can-
berra always breed insect cultures on a new cultivar/
variety of wheat for 3 generations before initiating
detailed experiments using the new insect strain or new
grain variety.

4.1.5 Use of Sterile Insects

Hodges (1984c¢) reviewed the use of sterile insects for
integrated control of insects and mites in tropical stored
products and concluded that at present no sterile insects
method is used for the control of pests in tropical stored
products. There has been considerable research into
certain methods of producing sterile insects but this has
resulted in only 1 trial of 1 technique in a real storage



system. This is possibly because researchers are deterred
by three problems:

1. The difficulties in supplying sterile insects. This
may be due to problems of organisation and
expense. Such problems are increased if control is
attempted where there is a large population of
infesting insects. This is particularly true in species
where effective control can only be achieved when
there is a high ratio of sterile to normal insects.
Examples are 24:1 for Ephestia cautella (Brower
1980b) and 10:1 for Tribolium castaneum (Prad-
ham et al. 1971).

The resistance of store managers to the release of
large numbers of sterile insects into stores. In many
cases this is quite justified as the insects would
cause significant contamination and food loss.
The need to release several and often many species
of sterile insects.

It is clear that the uses of sterile-insect control are
limited. However, there are some, as yet, untried
possibilities for this technique. For example, small
numbers of sterile insects, males and perhaps also
females, could be released at an appropriate time after
routine chemical control procedures. The results of this
may be a reduction in the reinfestation rate and con-

sequently less frequent use of expensive fumigants and

insecticides. The size and frequency of insect release for
such a method would have to be determined either by a
study of the normal reinfestation rate of treated produce or
by trial and error. As an alternative, insect release could
be avoided altogether if pest populations were sterilised
by contact with suitable chemosterilants. It remains to be
seen whether or not the sterile-insect method can even-
tually be used as an alternative method for control of
tropical stored-product pests. However, before any judg-
ment can be made on the value of this technique it is
important that the more feasible possibilities should be
thoroughly tested.

Brower (1975) pointed out that although genetic
manipulation of natural insect populations is being used to
control at least 3 pest species and research with others is
promising, little effort has been directed against post-
harvest insect pests. Nevertheless, stored-product insects
offer unique advantages for the successful application of
these new control techniques and could well serve as
models for genetic control of other pest species. They
occur as discrete populations in storage structures that can
be controlled individually, thus greatly simplifying logis-
tical problems. Also, populations of stored-product in-
sects are easy to sample, are easy and relatively
inexpensive to rear, have short generation times, can be
reduced by conventional means, are compatible with an
integrated control approach, have insecticide-susceptible
strains that are still available, and have known biology
and genetics, at least in the more important species. In the
final analysis the technique must be evaluated as a
commercial proposition.
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4.1.6 Constraints on Biological Control

Dobie (1984b) summarised the role of biological
methods for integrated control of insects and mites in
tropical stored products and concluded that the integration
of biological, physical and chemical control measures is a
young science. A number of good laboratory-based
studies have provided a sound basis for full-scale field
trials which would identify effective integrated control
strategies for use in stores in the tropics. The relative cost
of integrated methods cannot easily be predicted as the
biological agents necessary are often not yet available
commercially. The true cost of novel methods will only be
determined when the demand has been created for the
supply of biological agents and their commercial produc-
tion has been stimulated.

The stored-grain ecosystem places several constraints
on the potential use and success of biological control.
Some of these are as follows:

® The level of pest infestation tolerable to grain

exporters and consumers makes it very difficult for

pest populations to be sufficiently abundant and

persistent for biological agents to establish them-

selves and become effective.

Predators, parasites and genetically manipulated pest

populations found among the grain would them-

selves be regarded as contaminants.

Grain in storage is frequently treated with insec-

ticides that are toxic to both pest and beneficial

species.

® The large bulks in which grain is frequently stored
are inimical to these searching predators and
parasites whose activities are restricted to superficial
layers.

® The physical conditions, especially moisture, of
well-stored grain are not those which favour the
spread of pathogens.

® There is generally considerable emotional, yet un-
derstandable, reaction on the part of consumers to
eating food ‘treated’ or, in their minds, ‘contamin-
ated’ with pathogens.

All in all, the potential for the biological control of
stored grain pests appears limited. However, some
approaches, particularly the nse of pheromones and of
resistant varieties, do seem feasible and should be further
investigated and evaluated particularly with a view to
integrating their use with existing physical and chemical
control methods.

4.2 Physical Methods

Whitney (1974) has provided a bibliography of over
300 references to physical control methods and the
following arbitrary groupings:

® management and sanitation;

@ ccological control,;

@ radiation;

® mechanical forces, physical barriers and inert dusts;



® interactions of physical control with insecticidal

protectants.

In considering the information on these topics Whitney
(1974) asks us to keep in mind that control in any form
depends primarily on making the environment unfavour-
able for the development of pest species.

Banks (1976, 1981a) reviewed recent developments in
physical control of insects covering quite a number of
topics that are not specifically mentioned by Whitney. He
described physical control as ‘alteration of the environ-
ment by physical means to make it hostile or inaccessible
to the pest insects’. A bibliography of some 170 papers
was provided.

4.2.1

No review of physical control is complete without
mention of the necessity for hygiene, particularly the
physical removal of infestation foci such as commodity
residues, secondary or unproductive primary hosts for
field pests. Little research attention is paid to this aspect
of physical control. For instance, while residual infesta-
tion in commodity storages or handling equipment is
acknowledged as a source of infestation the quantitative
influence of these sources on subsequent insect population
is not known.

Ripp (1981) summarised extensive knowledge gained
in the management of a large, diverse grain storage
system. He pointed out that general tidiness and an
absence of visible grain residues had been the standard of
acceptable cleanliness until the development of insecticide
resistance in insects had shown that minute cracks and
crevices can hold grain residues and provide protection for
insects. Hygiene implies a change in attention towards
acceptable standards of cleanliness.

Effective hygiene is necessary in any pest control
program to:

® reduce residual populations of insects in grain stores,
surrounds and machinery;
avoid seeding of clean grain with insects;
avoid cross infestation of adjacent stores;
reveal structural weaknesses and possible sources of
water ingress.

All areas, both within and surrounding the storage,
require meticulous inspection and cleaning. Cleaning
should involve brushing and washing, and disposal of all
residues that may contain or support live insects. Non-
chemical control is not a possibility without strict
attention to hygiene. Poor hygiene practices can negate
the value of grain protectant insecticides (Ripp 1981).

Evans (1981) regards hygiene as an essential precursor
to the successful application of all other (biological,
chemical and physical) methods of pest control.

Surroundings of grain stores should be kept permanen-
tly free of weeds and other vegetation to make access by
crawling insects and rodents more difficult. The use of
residual herbicides, good drainage and good housekeep-
ing is essential.

Hygiene and Physical Removal
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4.2.2 Physical Exclusion

The packaging of foodstuffs to exclude insects has a
long history. Recent developments have included the
extensive use of plastics (e.g. Wilkin and Green 1970;
Mallikarjuna Rao et al. 1972) and sealable tins in the
tropics (McFarlane 1970) for small-scale storage of
products. The physical barrier used to contain grain under
semi-hermetic conditions (e.g. butyl rubber silos) helps to
prevent infestation from external sources. Underwater
storage, combining an excellent physical barrier to storage
pests with temperature and environmental gas control, is
under evaluation for bulk rice storage (Mitsuda et al.
1971; Tani et al. 1972).

Both traditional and modern forms of hermetic and
controlled atmosphere storage require a high degree of
gas-tightness to be effective (Banks 1976). The sealing
that provides such gas-tightness hinders insects attempting
to invade the grain within the storage and is an important
adjunct to the long-term effectiveness of control
measures, such as fumigation and single-treatment con-
trolled atmosphere and heat disinfestation, that, of
themselves, provide no residual protection of the grain
after treatment.

4.2.3 Grain Drying

One of the penalties for delaying harvesting until the
grain is dry enough to store is that shedding and other
losses will occur. In humid climates there is little choice:
grain has to be harvested damp and then, usually, dried.
In its early states of development, grain has a moisture
content of some 70-80%, but as the grain swells this
begins to fall towards 35-40%, the level at which the
accumulation of dry matter ceases. Periods of wet or dry
weather during this time have little effect on grain
moisture content: the overall trend being downwards.
After the grain has stopped ‘growing’ it continues to lose
water, but changes in moisture content, in response to
changing weather, become more marked. For example,
rain falling on a ripe crop may cause grain moisture
content to rise by 10% and, in a cool climate, it can
require 2 fine days to bring it back to its original level.

In countries with a maritime climate, most grain is
harvested at moisture contents of between 17-22%: in
exceptionally dry conditions it may be 14% or 15%,
although by this time, shedding losses can be substantial
in some varieties. In countries with high summer
temperatures and low relative humidities, the moisture
content range will tend to be smaller than in countries with
a maritime climate and the overall moisture content level
will be lower. Nevertheless, early harvesting of relatively
high moisture content grain is sometimes advisable in
these areas, because shedding losses can become unaccep-
tably high, and losses caused by high populations of
grain-eating birds can be a major factor in determining
final yield.

Several factors have a bearing on whether or not grain
will store safely and they all tend to interact with one



another. Moisture content, temperature, the volume of
grain and the presence of pests, dusts and other contamin-
ants all influence the rate at which changes in stored grain
take place. Deterioration will normally involve the
development of moulds and infestation with mites and
insects, all of which are accompanied by heating.
Changes may not be easy to detect — and they can take
place quickly and be difficult to arrest. Given these facts,
it is not surprising that recommendations relating to
storage tend to err on the side of safety. The storage of
grain with an equilibrum relative humidity of less than
70% should certainly be safe, but for the bulk of the
world’s grain-producing countries it is generally not
practicable to achieve this level without artificial drying.

Modest variations in diurnal temperature set up convec-
tion currents in bulk grain. These carry water vapour from
a slightly warm zone within the store to a cooler one
where it condenses, raising the grain moisture content to a
level at which mite and fungal activity can begin. Sun
shining on one side of a store can cause moisture
migration to the cooler, shaded side where it can initiate
the spoilage process. Similar problems can occur in grain
while it is being shipped, with dire financial consequen-
ces. Steps can be taken to prevent the development of this
type of problem; these vary in cost, flexibility and ease of
management but frequently involve forced ventilation at
regular intervals.

There are so many ways in which man has contrived to

dry grain that it is almost impossible to review them, but
in the last 20 years there has been a general trend towards
some form of storage dryer. Currently, there is some
renewed interest in high capacity, continuous dryers,
particularly by farmers who have formed co-operative
handling and marketing groups.

~ Until recently, the energy costs of grain drying have
been regarded as being relatively unimportant, as it has
nearly always cost less than 5% of the value of the crop.
Greater emphasis has tended to be given to ease of
management, the ability to handle wet crops, the ease
with which batches can be kept separate and the avoidance
of bottlenecks that interfere with harvesting. Only in the
last few years have energy cost aspects come to the fore
(Wilton 1980).

Continuous machines which use direct-fired oil or gas
heaters to provide drying temperatures between 40° and
100°C have many attractive features but Nellist (1979)
stated that the energy requirements range from 3.5 to 9 MJ
per kg of water evaporated.

Storage dryers which use fans to blow large volumes of
either slightly warmed air or air at ambient temperatures
through the grain are more economical but their capacity
is related to fan output and the relative humidity of the air
and air temperature. McLean (1979) calculated the
energy requirements to range from 1.5 to 1.8 MJ per kg of
water evaporated. McLean pointed out that factors such as
grain species, depth of storage, the presence of impurities,
the method of filling and the design of ducting, all
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influence the system’s energy requirement. In high
humidity areas, and particularly with wet grain, drying
may be slow, and hence expensive.

Drying renders stored grain less liable to attack by most
insects, mites and fungi. For example, Sitophilus oryzae
does not oviposit in wheat of less than about 10.5%
moisture content even when temperature is favourable.
Both period of development and level of mortality of the
immature stages are increased in grain of less than about
13% moisture content. The influence of aridity often
interacts with that of temperature. Thus, at 15-21°C, the
longevity and fecundity of the adult, and the development
and mortality rates of the immature stages are strongly
influenced by interaction between the effects of the 2
factors. Although Rhyzopertha dominica oviposits in
wheat whose moisture content is as low as 8%, mortality
of the larvae is increased in grain of less than about 11%
moisture content. Mites are very sensitive to aridity and
do not increase in grain of less than about 13% moisture
content (equilibrium relative humidity about 65%) (Evans
1981). Information on the influence of relative humidity
on the increase in numbers of grain pests is summarised
by Howe (1965b).

Hyde (1969), in evaluating the hazards of storing high-
moisture grain in airtight silos in tropical countries
pointed out that moulds and mites will only develop at
high humidities, usually above 70-75%, and if the
product is dried so that its equilibrium relative humidity is
less than this, it will be safe from fungal attack and mite
infestation. For cereal grains such as maize, a ‘safe’
moisture content will be 12-13%; for oily products it is
somewhat less, e.g. 8% for gound-nuts and 6% for palm
kernels (Davey and Elcoate 1966).

Delouche (1975) stressed the importance of drying in
the storage of seeds and Desmarchelier and Bengston
(1979a) pointed to the importance of partial drying to
improve the efficacy of grain protectant insecticides. The
deleterious effect of moisture on‘ the stability and
biological efficacy of all grain protectant insecticides has
been the subject of considerable research and pronoun-
cement by many investigators. Attention is given to this
aspect in connection with the review of individual grain
protectants.

Desmarchelier et al. (1979b) pointed out that combin-
ing cooling and/or drying of grain with appropriate use of
insecticides provides flexible procedures of pest control
that are generally superior to, and cheaper than, the
control given by cooling alone, or drying alone, or
insecticides alone. They discussed the effect of drying and
cooling on both pest biology and the chemistry of
protectants. It is argued that control of mites and
microflora by grain drying is by far the most useful and,
perhaps, the only completely reliable manipulation suit-
able for an exporting country.

Quinlan (1980) published results of a preliminary
study with a thermally-generated malathion aerosol ap-
plied with a corn-drying system for the control of insects.



Using approximately 100 tonnes of shelled corn in a
circular metal drying bin, malathion aerosol was in-
troduced in the hot air stream. A high proportion of the
test insects placed in cages through the grain mass were
killed and reproduction was reduced by about 99%.

4.2.4 Cold/Refrigeration

Low ambient temperatures are of great value in insect
control in stored grains. It is very likely that the high
reputation of Canadian grain for freedom from insects is
due to the low temperatures that prevail in that country
after harvest. Under such conditions insect populations
can only build up in very exceptional circumstances.
Apart from such situations where low ambient tem-
peratures prevail, the temperature of grain in storage is
sometimes lowered by manipulative procedures. The
moderately low temperatures achieved by controlled
aeration (Section 4.2.5) are effective in preventing the
build-up of insect populations. Providing the grain can be
cooled to 12°C breeding of many important pests of stored
grain can be reduced (Burrell 1967, 1974; Elder et al.
1975; Howe 1965b; Sutherland et al. 1970;
Evans 1977a, 1977b, 1977c, 1979a, 1979b; Desmar-
chelier and Bengston 1979a; Desmarchelier et al.
1979b).

Forced aeration with ambient air is used fairly exten-
sively in Australia— some 25% of the storage capacity of
20 million tonnes currently has aeration facilities.
Wherever climatic conditions are suitable, aeration is
effective provided the temperature of bulk grain can be
lowered from the high levels (30-40°C), which occur at
harvest, to about 12°C. However, such reductions in
temperature may take up to 3 months when ambient
temperatures remain comparatively high during the whole
of the day and most of the night, falling low enough to
cool stored grain only during limited periods in the early
morning.

Forced aeration is beneficial, especially in winter, but
in many regions of the world it cannot produce grain
temperatures low enough to eliminate insect populations.
Extensive work has been carried out to develop techniques
and facilities employing artificially chilled air to cool bulk
grain in storage. This work has been reported by Hunter
and Taylor (1980). The major requirement is to cool
grain down over a period of several weeks to. temperatures
below the reproduction threshold of the common grain
insect pests (Howe 1965b). This must be done without
changing the grain condition to a state where moulds or
other pests are viable.

To be economic in warm to hot climates, refrigerated
aeration requires both recirculation of the cooled air and
thermal insulation of the storage, whatever the storage
type.

Desmarchelier (1985) discussed the manipulation of
such factors as cooling and drying in order to alter the
chemical behaviour of insecticides deposited on stored
products. -
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Mills (1978), in a discussion of the potential and
limitations of the use of low temperatures to prevent insect
damage to stored grain, regretted that the use of low
temperatures to control stored-grain insects had not been
realised, even in geographical locations where low
temperatures are available and are relatively inexpensive
to use in cooling grain sufficiently to inactivate or kill
stored-grain insects and mites. He then reviewed the
susceptibility of insects to low temperatures as did Howe
(1965a) and pointed out that temperature just low enough
to effectively retard insect development (17°C) will be
quite suitable for build-up of certain mite populations. He
also discussed the cost of cooling by aeration in those
regions were the ambient air temperature is sufficiently
low for the purpose.

Sitophilus granarius is one of the most resistant pests
and will survive for over 2 months at 0°C (Solomon and
Adamson 1955). In tests with this species, Burrell
(1967) found that 97% of the adults move from a cold
bulk during storage, and only 0.5% remained and
survived the storage period. However, larvae and pupae
of Sitophilus granarius live within the kernels during
development, and so cannot migrate.

One of the most common grain insects, Oryzaephilus
surinamensis, survived for over 10 weeks at 5°C to 10°C
in a heavily infested, 100 tonne bin of dry barley (Burrell
1967). Although the insects were not killed by the
treatment, grain below 10°C showed little tendency to
reheat because this species does not breed at this
temperature and their activity and heat production were
greatly reduced.

Mathlein (1968) suggested that refrigeration of infest-
ed goods is cheaper than fumigation for killing insect
pests in rice and other commodities, and also eliminates
the problem of residues in the commodity. He gives a
temperature of minus 20°C as being sufficient to kill most
pests after exposure for 1 to 24 hours, but suggests that a
temperature of minus 30°C is preferable for complete
eradication.

Hunter and Taylor (1980) described an installation in
a 1700 tonne vertical steel silo that was insulated with
polyurethane foam and equipped with a refrigeration unit
and air recirculation ducting. The cost of insulating the
storage was of the order of US$15.00-US$17.00 per
tonne of storage. This is in addition to the current
construction costs of silos which range from $A85.00 to
$A130.00 per tonne. The energy cost required to cool and
maintain the grain at the required temperature was 8 cents
per month per tonne of storage capacity when using
energy costing 3 cents per kWh over 8 months.

Thorpe and Elder (1980) showed that the use of
mechanical refrigeration improved the storage of insec-
ticide-treated grain. Cooling a bulk of stored grain greatly
increases the persistence of insecticides applied to it. It
was demonstrated that blowing mechanically-refrigerated
air through grain can be accomplished by standard
commercial air conditioners fitted with appropriate high



capacity fans. Results from their theoretical studies
showed that the loss of the insecticide methacrifos on
treated wheat, initially at 30°C and 11% moisture content,
could be reduced during 6 months storage from 90% to
about 30% by prompt cooling to 20°C. The energy
requirement is 1.5 kWh/tonne of grain. Since cooling will
also retard the growth of insect populations, it should
retard the development of insect resistance to the insec-
ticide.

Smith (1974) reviewed the role of low temperature to
control stored food pests and concluded that the major
consideration in the use of refrigeration to cool grain will
be the cost of power. The method used to generate power
in the country will determine the economics of this
methods. The many other problems which have to be
overcome are discussed.

Connell and Johnston (1981) published an extensive
survey of the costs of introducing refrigerated aeration as
an alternative method of grain insect control. They
provided a summary of the cost comparisons between the
current and proposed control measures and provided
details of the derivation of their data.

Mullen and Arbogast (1984) reviewed the use of low
temperature to control stored-product insects and pointed
out that more basic information is needed on the effect of
cold on the pests and on the commodities. Whilst pointing
to the susceptibility of 17 important species to low
temperatures, these authors appear to have ignored the
constraints of cost, both capital and operating, and the
problems of insulation and condensation which operate in
the tropics.

4.2.5 Aeration

Aeration is the process of passing cold outside air
through a grain bulk in order to cool the grain and thus
assist in preserving it from damage. The common grain
infesting insects reproduce rapidly at temperatures of
25°C to 35°C which can readily occur in stored grain,
even in cold climates, because of the self-insulating
properties of the grain. Reduction of temperatures only to
as low as 15°C to 18°C, however, is sufficient to prevent
rapid increase in the insect population, though the degree
of control depends on species and grain moisture content,
as well as on temperature. In temperate and cool climates,
aeration can eliminate significant insect damage, though it
will not completely eliminate all insects. The system has
little chance of success in semi-tropical and tropical
climates (Hyde 1969), or where grain moisture and
atmospheric humidity levels are consistently high but
could be effective in preventing local hot or wet spots.

Burrell (1974) prepared a comprehensive assessment
of aeration which should be consulted by anyone wishing
to obtain an overview of the subject.

The use of aeration to maintain high quality in stored
grains is not new. DuMonceau (1753, 1765) described a
ventilated bin with a capacity of 90 tonnes which was
aerated with an airflow rate of up to 5 cubic metres per

minute by a pair of bellows operated by a windmill.
However, it was not until the early 1950s that aeration
came into general use with mass production of the
necessary equipment such as ducts and fans.

Aeration of grain consists of blowing or drawing
ambient air through the grain mass, usually by means of
fans attached to perforated ducts. Its major function is to
establish and maintain a moderately low and uniform
temperature throughout the bulk. The rate of airflow is
variable and usually low being only one-tenth to one-
twentieth of the rate used in grain drying. Maintenance of
a uniform temperature throughout the grain mass reduces
moisture transfer, which otherwise almost invariably
occurs, and this prevents the development of local and
often hidden or unexpected hot spots with their
accompanying deterioration.

Burges and Burrell (1964) showed that cooling grain
to 20°C greatly reduced the hazard from insects. If the
highest temperature in a grain bulk was 17°C, the grain
was secure against all the major insects unless the
infestation was so numerous that it could raise the
temperature. If the cooling period was protracted the
period of risk was lengthened. With aeration the grain
temperature in temperate or cold climates can be brought
to a level at which security is given even against heavy
infestations. Cooling to 5° to 10°C will not kill some
insect pests and will kill some stages of others only very
slowly (Burrell 1974).

Winks and Bailey (1965) described the experimental
and commercial use of grain aeration in Australia and the
beneficial effects of the cooling achieved on reducing the
breakdown of malathion applied to the grain.

Elder (1972) in describing this technology and its
attendant advantages pointed out that in Australia, of a
total capacity of about 20 million tonnes, about 20% or 4
million tonnes, was aerated at that time. Aeration is a
useful complement to grain protectant insecticides,
prolonging the biological life of the insecticide and thus
assisting in insect control.

Navarro (1974), in a comprehensive evaluation of
aeration, drew on experience in Australia and in Israel but
pointed out that at the time most of the experiments had
been carried out in temperate climates and there was need
for further work in hotter climates.

DeLima (1978a), in a review of the use of physical
storage procedures in East Africa, pointed out that in the
high altitude areas of Kenya the temperature conditions
are sufficiently low to permit cooling of produce for better
storage. He does not indicate whether aeration had been
adopted there.

Quinlan (1979b) reported experiments in which corn
stored in circular metal bins equipped with vertically
placed aeration systems was treated with malathion
thermal aerosol applied in the grain overspace. Though
there was a considerable reduction in the number of live
insects the distribution of malathion throughout the grain

~ mass left much to be desired.
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Hunter and Taylor (1980) showed how aeration
ducting could be modified to enable the heat in the grain
to be removed by refrigerated aeration using mobile or
fixed refrigeration units of moderate capacity. The design
and application of a system to a 1700 tonne cell is
described. Wheat was cooled from 34°C to less than 10°C
in 7 weeks and held there for a further 7 months. To be
economic, the storage had to be thermally insulated and
the cooled air recirculated. The average energy consump-
tion was 2.7 kWh per tonne per month of storage.

Elder (1984a) has provided a brief description of the
aeration process and its equipment including the
automatic controls. He pointed out that aeration is
complementary to the use of grain protectant insecticides
particularly in prolonging the life of the insecticide
deposit. In addition to assisting in the control of insects,
aeration helps to control moulds and moisture migration
and to preserve the desirable germination, milling and
nutritive properties of grain. Some observers have com-
mented favourably on the removal of odours by aeration
of bulk stored grain.

Sutherland (1984) has summarised the physical and
engineering principles which provide an understanding of
temperature and moisture fronts in grain aeration. He
pointed out that, in aeration, the majority of the grain bed
is not cooled to the inlet air dry-bulb temperature, but
comes to a temperature which is also dependent on the air
and grain moisture contents. One of the major problems in
aeration is the formation of a high-moisture zone near the
point of air entry. To obviate this a humidistat is often
employed in aeration control systems to limit the relative
humidity of the entering air to an acceptable value. Elder
(1984b) pointed out that in order to achieve maximum
benefit from aeration it was necessary to instal automatic
controllers in storages which cannot be supervised and
monitored frequently. Such controllers are worth while
even when regular supervision is available.

Longstaff (1984), in discussing the effect of aeration
upon insect population growth, pointed out that aeration,
by itself, is an inadequate insect control measure.
Certainly it can reduce the rate of population growth but it
cannot bring about the eradication of a pest population
and, therefore, must be used as part of an integrated
control strategy using, for example, low levels of grain
protectant or fumigant. On the other hand, aeration
effectively removes the heat produced by the metabolic
activities of insects, particularly those species whose
immature phase is spent within the kernel. The dispersal
of hot spots and thermal gradients effectively swamps the
impact of the insects.

Thorpe and Elder (1982) developed a mathematical
model of the effects of aeration on the persistence of
insecticides applied to stored bulk grain and they support-
ed the validity of this model by experimental evidence.
Aeration was shown to reduce the rate of degradation of
pesticides applied to stored grain and to render the rate of
decay relatively insensitive to initial grain conditions. In
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the temperate and sub-tropical wheat growing regions of
Australia, aeration can reduce usage of the insecticide
methacrifos by factors of 7 and 4 respectively.

Ghaly (1984) carried out an aeration trial to study the
moisture content and quality changes in farm-stored wheat
as a result of moisture uptake from the entering air. After
4 months of aeration the average grain temperature at the
centre of the bulk for each month ranged from 11-21°C
depending on the seasons. The average moisture content
of one bulk investigated in detail increased from 9.5 to
11.4% after 18 months of storage. Germination and some
physical dough properties revealed some deterioration of
the wheat near the inlet duct. The rest of the bulk
remained practically unaffected during storage and mainly
free from storage fungi. The average insect fragment
count at outloading was 6/100 g of flour which is
considered to be a very low level.

Desmarchelier (1985) reviewed the work of himself
and others on the high insecticidal potency of the vapours
of slightly volatile insecticides and developed the concept
of using aeration to distribute this vapour throughout a
grain mass.

4.2.6 Heat

Recent work on the use of elevated temperatures to
disinfest stored grain and cereal products has been largely
concerned with radiant heating processes such as infra-
red, microwave and dielectric heating (Boulanger et al.
1971; Nelson 1972, 1973; Kirkpatrick and Tilton 1972,
1973; Kirkpatrick et al. 1972; Kirkpatrick 1975a,
1975b; Watters 1976a). Essentially, these studies have
evaluated the effectiveness of rapidly heating infested
grain or flour to temperatures within the range 48°C to
85°C, by means of exposures ranging from several
seconds to about 2 minutes, and then allowing it to cool
passively to ambient temperatures over several minutes
or, more typically, several hours.

Disinfestation processes which depend on the retention
of heat for long periods, and which may therefore require
insulated storage have little potential where a continuous-
flow, in-line system capable of matching shipping rates
approaching 2000 tonnes per hour is considered essential.
Dermott and Evans (1978) and Evans and Dermott
(1979) discussed fluidised-bed heating as a means of
disinfesting wheat in an in-line system. Although still at
the pilot stage, the process appears practicable and the
cost comparable with the cost of re-circulatory fumiga-
tion. The process apparently does not affect the quality of
the grain or its suitability for milling and bread-making.

Tilton and Shroeder (1963) demonstrated that infesta-
tions of insects within kernels of rice can be effectively
controlled with infra-red radiation. The possibility of
using infra-red radiation for grain drying has been
recognised for many years. Faulkner and Wratten
(1969) proposed a large scale infra-red source for drying
rice; such a unit could also be used for insect control.
Microwave radiation was proposed as an alternative



method for obtaining insect control with high tem-
peratures by Hamid and Boulanger (1969).

Twelve species of adult stored-product beetles were
treated in wheat with infra-red radiation at temperatures of
49°C, 57°C, and 65°C (Kirkpatrick and Tilton 1972).
Considerable variation in mortality was evident among the
species at the lowest temperatures. Mortality of the insects
treated at 57°C ranged from 93 to 100% and mortality of
insects treated at 65°C was 99.6% or more for each
species tested.

Kirkpatrick et al. (1972) conducted studies to com-
pare the efficiency of microwave and infra-red energies
for insect control. They compared the effectiveness of the
same temperature produced by microwave radiation and
by infra-red radiation on all stages of Sitophilus oryzae
infesting soft winter wheat. A temperature of 54°C was
used. Infra-red heating gave greater insect control than did
microwave by the following average differences in
percentage: 13 for immature stages, 76 for adults and 56
for F, progeny of treated adults.

Kirkpatrick and Tilton (1973) took samples of wheat
containing Sitophilus oryzae and Rhyzopertha dominica of
known age and exposed them to temperatures of 39°C or
43.3°C with relative humidities ranging from 75 to 50%
during a 4-day adult ovipositional period, and a contin-
uous exposure to 39°C and 60% relative humidity during
immature stages of development. Greater than 99%
control was obtained at 39°C with a relative humidity of
60% for Sitophilus oryzae and at 43.3°C with a relative
humidity of 50% for Rhyzopertha dominica.

Kirkpatrick (1975a) reported trials in which bulk
quantities of wheat infested with Sitophilus oryzae and
Rhyzopertha dominica were exposed to infra-red radiation
that raised the temperature of the wheat to a maximum of
48.6°C. After 24 hours, 93 and 99% of these species,
respectively, had been killed.

Kirkpatrick (1975b) reported that thermal energy
obtained from either infra-red or microwave radiation or
from heat by convection can be used to control insects
affecting stored products. The time required to obtain
temperatures that are lethal to insects depends not only on
the insect species but also on the moisture content and the
heat-retention characteristics of the grain or other com-
modities. The mature larvae and pupae of Sitotroga
cerealella, Sitophilus oryzae or Rhyzopertha dominica
were more resistant to microwave energy than either the
young larvae or eggs. A temperature of 43°C and 50%
relative humidity were required for control of Rhyzoper-
tha dominica when using convected heat. Wheat quality
appeared unaffected by storage temperatures of 49°C for
either 1 or 2 months. However, the flour from this wheat
did change colour especially when the wheat samples
were stored for 2 months.

Watters (1976a) showed that the susceptibility of
Tribolium confusum to microwave energy was a function
of exposure time and wheat moisture content. Adult
mortality was higher in insulated samples of wheat than in
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non-insulated samples. The order of susceptibility of
stages was eggs, pupae, adults, larvae with eggs being the
most susceptible.

Hurlock et al. (1979), reporting a short series of tests
in the UK with a microwave machine generating 896
MHz, showed that a dose of 800 kw should kill
Oryzaephilus surinamensis, Tribolium castaneum and
Sitophilus granarius in stored grain, but killed only 30%
of them in cacao beans. The mortality of Ephestia cautella
on cacao beans was 80%. Supplementing this dose with
hot air considerably reduced the amount of irradiation
required. Slowing the rate of cooling almost eliminated a
difference in susceptibility between adults of Tribolium
castaneum and larvae of Ephestia cautella noted in
treatments that did not use hot air. Based upon the results
reported it was calculated that a microwave plant could be
built to operate at a running cost considerably below that
of fumigation.

Vardell and Tilton (1981), in a laboratory study,
showed that grain temperatures of 62°C and 58°C
completely controlled all developmental stages of
Rhyzopertha dominica and Sitophilus oryzae respectively,
in rough rice treated in a heated fluidised bed. It was not
necessary to maintain these grain temperatures once they
had been reached.

Tilton and Vardell (1982a) reported a laboratory study
carried out in the USA that showed that populations of
insects infesting stored grain could be reduced or
completely controlled by a combination of microwave
heating and partial vacuum. Infestations with Sitotroga
cerealella were completely controlled in rye and maize
and partially controlled (96.8%) in wheat after treatment
at 0.25 par density units of microwave energy and a
partial vacuum of 35 torr for 10 minutes. Rhyzopertha
dominica was eliminated by this treatment in maize,
whilst 99.4% control was achieved in rye and 95.6% in
wheat. Sitophilus oryzae was completely controlled in
rye, and 99.2% control was achieved in wheat. Sitophilus
zeamais in maize was completely controlled by the
treatment.

Tilton and Vardell (1982b) reported the performance
of a pilot-scale microwave/vacuum grain dryer tested in
the laboratory in the USA for use in the control of pests of
stored grain. Rhyzopertha dominica and Sitophilus oryzae
infesting wheat were completely controlled by treatment
with the highest density of microwaves (1.0 par density
units) while under 35 torr pressure. Lower microwave
intensity at this pressure did not result in complete
control.

Evans (1981) and Evans and Dermott (1981) studied
the heat tolerance of various species of insects at different
life stages. The immature stage of Rhyzopertha dominica
appeared most tolerant. The time required to obtain 100%
mortality of immature R. dominica depends on the
temperature of the inlet air, the rate of flow of the air and
the depth of the grain bed. Grain needs to be held at a
temperature of 60°C or higher for about 3 minutes to



achieve the required high level of insect kill. The process
appears to be more effective with very dry (less than 11%
moisture) grain than with high moisture (above 14%
moisture) grain. These authors have discussed some of the
biological and physical factors that influence the heat
tolerance of these major pest species.

Evans et al. (1983) discussed some of the design
characteristics which influence the performance of a
continuous-flow, fluidised bed heating system and its
effect on immature stages of Rhyzopertha dominica in
stored wheat in Australia. The mortality obtained depends
largely on maximum grain temperature, complete mor-
tality being obtained consistently with maximum grain
temperatures of 64.9°C or higher. In contrast, variation in
mean residence time (2-4 minutes) had no significant
influence on either maximum grain temperature or insect
mortality.

Evans ef al. (1984) reported the results of experiments
with a grain disinfestation pilot-plant recently installed in
Australia. This fluidised bed heating unit handled wheat at
the rate of 150 tonnes per hour with a residence time of
2.2 minutes. When the maximal grain temperature was
either 65°C or 70°C complete mortality of Rhyzopertha
dominica was obtained in all trials but when the
temperature was only 60°C the mortality ranged from 60
to 75%. The energy required to treat each tonne of grain
was 1.13 kWh of electricity and 26.6 kWh of gas. In
Australia, this is equivalent to a total energy cost of the
order of $US0.63 per tonne using liquid petroleum gas
and $US0.45 per tonne if natural gas is available. The
performance of the unit was considered highly encourag-
ing.

Zakladnoi (1984) stated that the measures used against
stored product pests in the USSR included heat treatment
of stored grain.

4.2.7 Manipulation of Both Temperature and Moisture

By altering the environment, one can alter the rate of
growth of populations of insects, mites and mould. The
economically optimum combination of relative humidity
and temperature obviously varies from place to place, but
a limit of 60—65% relative humidity, to control moulds
and mites, is one commonly accepted goal. The tem-
perature that is required to prevent the development of
insects depends on the relative humidity and the species,
and varies from about 10°C to about 21°C over the range
of moisture contents (9-14%) on wheat (Desmarchelier
et al. 1979b). In some climates, insulation and re-
frigerated air are required to reach the desired tem-
perature. In other climates, these are not required, but
often grain has to be dried. Useful benefits are obtained
even in environments that do not completely inhibit the
development of progeny. Judicious use of insecticides can
be made to supplement the control achieved by environ-
mental means.

Most of the publications on the activity and fate of
insecticides draw attention to the effect of temperature
and/or moisture on the fate of the deposit applied to the

38

commodity. Quite a few papers point to the advantage of
manipulating either or both of these physical parameters.
However, as these deal principally with the effect of
temperature and/or moisture on the persistence of the
insecticide they will be considered in the chapters dealing
with the individual compounds and in chapters dealing
with the effect of temperature and humidity (Chapters 28
and 29).

Howe (1965b) provided an extensive summary of
estimates of optimal and minimal conditions of tem-
perature and humidity at which 43 species of beetle, 9
species of moth and 1 mite can multiply sufficiently to
become pests, and the range of temperature most
favourable to each. An estimate of the maximum rate of
increase for each species is also given. It is fairly obvious
that the amount of stored foodstuff eaten and, therefore,
the weight loss caused by a population of a species of
insect is roughly proportional to the size of the population.
Similarly, the amount of damage likely to be caused in the
future will depend on how rapidly the population
increases. This, in turn, depends mainly on the tem-
perature and humidity of the environment and the
nutritional value and moisture content of the food. A
successful species must be able to multiply rapidly when
conditions are favourable, and also to be able to withstand
unfavourable conditions. The author collected data on
both of these aspects for a number of species. A
considerable number of references is supplied but no
recommendations were made as to how to profit from this
knowledge. Many authors have, however, used this
information in planning their own control strategies.

Davey and Elcoate (1966), Gough and Bateman
(1977) and Gough and Lippiatt (1978) reviewed the
world literature for data on the relationship between
equilibrium relative humidity and moisture content of
stored products from the tropics. Results for cereals were
selected according to specified criteria and are considered
reliable but cannot be used for extrapolating from one
variety of stored product to another. Additional valuable
information concerning the equilibrium relative humidity
of various cereal grains and similar commodities at
different storage temperatures can be found in many other
publications (Coleman and Fellow 1925; Gane 1941;
Gay 1946; Babbitt 1949; Karon and Adams 1949;
Houston 1952; Breese 1955; Hubbard et al. 1957; Hall
and Rodriquez-Arias 1958; Becker 1960; Juliano 1964;
Ayerst 1965; Davey and Elcoate 1966; Chung and
Pfrost 1967a, 1967b; Pixton 1967; Pixton and Griffiths
1971; Pixton and Warburton 1971a, 1971b; Berry and
Dickerson 1973; Rangaswamy 1973; Neher et al. 1973;
Pixton and Warburton 1975; Gough 1975; Gough and
Lippiatt 1978; Gough and King 1980). Figure 4.1
illustrates how the equilibrium relative humidity of wheat
changes with the temperature and moisture content of the
grain. Figure 4.2 shows how the equilibrium relative
humidity of wheat, rough rise and yellow flint maize
differ from each other at different temperatures and grain
moisture contents.
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Figure 4.1. Hygroscopic equilibria of Australian wheat.
Redrawn from Gay (1946).

Since the water activity influences not only biological
activity but also chemical reaction, the understanding of
these criteria is germane to a proper appreciation of the
likelihood and consequences of infestation of stored
produce. Desmarchelier ef al. (1979b) discussed the
desirability of combining temperature and moisture man-
ipulation with the use of grain protectants. They were able
show that this provides flexible procedures of pest control
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Figure 4.2. Hygroscopic equilibria of wheat, rough rice
and yellow flint maize (FAO 1982a).
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that are generally superior to, and cheaper than, the
control given by cooling alone, drying alone or chemicals
alone. This is especially the case when the strong point of
one component covers the weak point of the other
component, and when one component aids the other
component. The effects of drying and cooling on both pest
biology and the chemistry of protectants are outlined. The
weaknesses and strengths of control of pests solely by
manipulation of conditions are also discussed. It is argued’
that the control of mites and microflora by grain drying is
by far the most useful and, perhaps, the only completely
reliable manipulation suitable for an exporting country. In
a series of tables the authors set out the conditions of
relative humidity and temperature that, in theory, control
the various species. There always seems to be one species
or life-stage of a pest that is especially tolerant to any
manipulated condition, whether cold, heat or aridity. To
obtain complete control of all pest species by the
manipulation of conditions, however, it is necessary to
manipulate both relative humidity and temperature; such
combined manipulations present practical difficulties.
These investigators show, for example, how manipulation
of relative humidity in Australia to 55% or below has
proved effective in controlling mites and microflora. This
success has probably been due to the acceptable grain
moisture limit having been set at a level well below that
required in theory.

A combination of r.h. less than 40 to 50% and
temperature less than 18°C is generally effective in
controlling most pest species and such a combination
frequently prevails in aerated Australian storages. Local-
ised, and sometimes heavy infestations may nevertheless
occur in the absence of grain protectants that provide
control when, for example, pests breed in pockets of grain
that are warmer or moister than the rest of the grain bulk.

Evans (1982) studied the influence of temperature and
grain moisture content on the intrinsic rate of increase of
Sitophilus oryzae and was able to show a sixfold
difference in the weekly rate of population increase
occurring at 21°C over that developing at 15°C irrespec-
tive of grain moisture content over the range 11.2%—14%.
Though the effect of moisture content could be clearly
demonstrated it was not nearly so marked as the effect of
temperature over this range.

Evans (1983) studied the influence of relative humidity
and thermal acclimation on the survival of adult grain
beetles in cooled grain. He reported that survival at low
temperatures differed between species and there was
considerable interaction between the effects of tem-
perature and humidity.

4.2.8 Hermetic (Airtight)- Storage

In the hermetic storage process, grain is placed in a
sealed enclosure and the natural respiratory activities of
the grain and associated pests and fungi reduce the oxygen
level in the system to a level which controls or eliminates
the pests and fungi. The process is simple, self-regulating,



and requires no added pesticide, inert gas or energy
inputs. In its simplest form it relies entirely on locally
produced materials.

The hermetic storage process has been used for
conservation of grain stocks by man for at least 9000
years. This ancient and simple system is still in wide-
spread use in subsistence agriculture. However, attempts
to adapt the process to meet the constraints of modern
large bulk handling systems have met with limited
success. This has largely been because of the need for
specialised structures and the lack of attention to import-
ant design problems, notably grain loading and unloading
systems. Hermetic storage techniques have a great
potential for developing residue-free storage methods
using low energy inputs without reliance on imported
pesticides and components and must be regarded as one of
the grain storage methods of the future as well as the past.

Although the concept of airtight storage is quite ancient
and the technique has been well studied and understood, it
does not yet seem to have reached its full potential. It is
well established in a number of temperate countries as a
means of storage for high-moisture grain for feeding to
livestock, the only possible use when the grain is damp.
Under such conditions the oxygen level becomes too low
for insects to survive but there is considerable danger
resulting from the growth of micro-organisms, many of
them harmful. There is a certain amount of airtight storage
of relatively dry grain in large installations in France, but
this development has not become widespread. However,
the use of simple forms of airtight storage could be much
extended where dry grain is available. In airtight storage,
dry grain continues to respire until there is an equilibrium
when the atmosphere contains 5-10% oxygen and 10-5%
carbon dioxide. Experience in Australia shows that in
bunker storage, where the oxygen level fell to 5%,
Rhyzopertha dominica could survive and reproduce quite
well. Spratt (1979), who has been studying the effects of
such atmospheres on insect development, proposes to
publish further findings. The initial work indicated that
the oxygen level must be well below 10% since at that
level reproduction is only depressed by about 50%.

Hyde (1969, 1974) and Hyde et al. (1973) provided a
comprehensive review of the scientific literature on
airtight storage. The costs and logistics associated with
airtight storage for extremely large quantities of grain
appear to preclude its general adoption.

Ancient and currently used systems of hermetic storage
are described in the papers of Gast and Sigaut (1979).
Hyde et al. (1973) give descriptions of two large hermetic
storage systems in current use and of the various
traditional and experimental structures suitable for her-
metic storage of grain at the subsistence level of
agriculture. Hyde (1974) provides a detailed review of the
practice of hermetic storage and its scientific basis. These
publications should be consulted for details of the various
systems and their operations. The section dealing with
natural airtight storage in Shejbal (1980) is also a useful
information source. In hermetic storage, the controlled

40

atmosphere required for grain preservation is produced
through biological respiration. At equilibrium relative
humidities of greater than 70% in a system containing
stored grain there may be a number of different types of
living organisms, respiring aerobically. This action takes
in oxygen from the atmosphere and releases CO, as the
organisms oxidise carbohydrates, fats and other compon-
ents for the production of usable energy for their life
processes. Grain itself, at greater than 13% m.c., respires
significantly and is always, in practice, associated with
micro-organisms, such as moulds, which can respire and
grow under such moist conditions. Insects and mites may
also be present and if so, may contribute substantially to
the overall rate of oxygen loss by respiration. Under dry
storage conditions (less than 13% m.c. grain), oxygen
loss occurs through insect respiration. Under very wet
storage conditions (greater than 80% e.r.h.), yeasts and
bacteria become active. These organisms produce CO,
metabolically without uptake of oxygen (anaerobic re-
spiration). They also produce acids and alcohols in the
process and give rise to the characteristic fermented odour
of wet grain stored under hermetic conditions (Banks
1984d).

Where the leakiness of an enclosure is high, it may not
be possible to generate proper hermetic storage conditions
and insect infestation, moulding and grain deterioration
will continue unchecked. However, with well-sealed
enclosures the process is largely self-regulating.

The main problems associated with hermetic storage

are:
® accessibility of stocks, loading and unloading;

©® maintenance of the seal in storage structures;

® safety to workforce;

® moisture migration phenomena;

® protection of grain on removal from storage.

Hermetic storage is the only residue-free storage
method which will ensure long-term preservation of grain
without attention or energy input. It thus has great
potential as a method of storing long-term food reserves
against famine or in order to take advantage of high
market prices. The more widespread adoption of the
system is hindered by its inconvenience. Day-to-day stock
movement is not possible and it is difficult to integrate
into a modern system of handling because of the structural
requirements of the most suitable storages. With engineer-
ing development, it may be possible to overcome these
difficulties and produce a commercially viable system
which can be applied in regions of the world where long-
term food stocks are required and storage at present is
difficult.

Hyde (1969) wrote of the hazards of storing high-
moisture grain in airtight silos in tropical countries. She
pointed out that the prevailing temperatures in tropical and
sub-tropical countries were ideal for the development of
moulds, not only those which cause unacceptable fermen-
tation and taint but those which produced toxins or
allergens. She listed 7 major factors which go against
storing high-moisture grain in sealed silos in the tropics



and concluded that this could be a very hazardous
procedure. However, she agreed that it was not fair to
condemn it out of hand as impossible but to wait the
results of on-going experiments in Nigeria and Kenya
which might provide the basis for the necessary develop-
ments.

Mitsuda et al. (1971) reported preliminary results of
trials on the hermetic storage of cereals and legumes under
water and under ground. In their work the commodities
were stored in strong plastic or rubber bags. The idea was
to combine a complete physical barrier to storage pests
with temperature and environmental gas control. Tani ef
al. (1972) reported favourably on similar studies with
underwater storage of brown rice.

Bailey and Banks (1974), in discussing the use of
controlled atmospheres for storage of grain, introduced
their subject with a brief review of the history of airtight
storage. They concluded that though this concept had
many fine features it did not lend itself to modern large-
scale installation because of lack of convenience in grain
handling.

Hyde (1974) has presented an extensive evaluation of
all aspects of airtight storage including its use to control
insects in dry grain, and to prevent mould growth in high-
moisture grain. In discussing the modification of hermetic
storage by addition of inert gas to produce ‘controlled
atmosphere’ storage the author concludes that airtight
storage is a simple method, and it may be best to let it
remain so. This paper should be consulted for comprehen-
sive information. '

Banks (1984d) has made an extensive appraisal of most
aspects of hermetic storage including basic principles,
designs for storage systems, pest control in hermetic
storages, problems and the future of hermetic storage.

Champ and McCabe (1984) reported that the storage
of grain in plastic-lined, earth-covered bunkers has been
demonstrated to provide a low-cost method for maintain-
ing quality in grain held for long periods. Various designs
of bunker have been evaluated in Australia and the most
satisfactory has been based on an above-ground structure
with permanent earthen side walls and ends built on a
slight slope to facilitate drainage. The walls and base are
covered with a thin layer of sand and lined with
polyethylene sheeting. After filling and trimming, the
grain is covered with a woven polyethylene fabric, a layer
of sand is spread over the cover sheets to protect them,
and then soil is placed over the structure to a total depth of
1 metre. The method has been used commercially in
Australia with bulks of wheat up to 25 000 tonnes in each
bunker at total storage costs averaging $US4.83 per
tonne. Although the conditions in such bunkers depress
the reproduction and feeding of insects, for complete
freedom from insects the grain should be treated with an
appropriate insecticide whilst it is being loaded into the
bunker, or fumigated when the bunker is full and sealed.
Trials extending over 8 or more years have shown that
bunker storage is a viable and cost-effective option for

41

long-term storage of grain at safe moisture content. Some
supplementary treatment, however, is necessary if the
grain is to be kept free of infestation.

4.2.9 Storage in Controlled Atmospheres (CA)

Hermetic storage involving the use of an externally
generated gas to displace the intergranular atmosphere
shows promise as a means of insect control. Investigations
involving the use of nitrogen and carbon dioxide are under
way in many places. If the grain is sufficiently dry,
controlled atmosphere storage has the advantage that it
preserves the grain in a high quality, insect-free condition
almost indefinitely if left undisturbed. It requires little or
no attention for long periods, involves minimum tech-
nology and energy consumption but does require a
hermetic structure which may be hard to obtain from
existing installations. It has the disadvantage that grain
handling is frequently a problem, disinfestation is slow,
conditions of low oxygen must be re-established each time
the structure is opened and the fabric must be maintained
in perfect condition. Moisture migration and condensation
may sometimes be a problem (Hyde 1969). This form of
storage appears limited to centralised storage systems with
a high level of capital investment and where a high level
of technology and management skill is constantly avail-
able. Bailey and Banks (1974) and Banks and Annis
(1977) reviewed recent developments.

Bailey and Banks (1974), who had worked for a long
time on the use of controlled atmospheres for the storage
of grain, pointed out that much of the recent work had
been carried out at the time when newer organophos-
phorus grain protectants were achieving an excellent
result in many countries. During this time the grain
industries showed little interest in controlled atmosphere
storage as they believed their insect control problems had
been largely solved for the foreseeable future.

The controlled atmosphere method of grain storage
involves placing grain in a structure and altering the
atmospheric composition within that structure to give a
combination of the atmospheric gases, oxygen, nitrogen
and carbon dioxide lethal to insect pests. It is a version of
the process of hermetic storage but does not rely on the
respiratory activities of grain, insects and moulds to alter
the atmospheric composition in a gas-tight storage
structure. In the present mode of use of CA storage the
appropriate atmosphere is supplied externally and in-
troduced into the structure. Thereafter additional gas is
added to compensate for losses during the required
exposure period.

Atmospheres of nitrogen containing less than 2%
oxygen, a mixture of 60% carbon dioxide in air (i.e. about
8% oxygen) and low oxygen exhausts produced from the
burning of hydrocarbons have all been shown to be lethal
to all stored-product pests tested. They are thus each
suitable for CA grain storage. Decision as to which is
most suitable will eventually be made on economic
grounds. The method is capable of refinement to give very



low cost storages of large bulks, e.g. by use of
atmospheres generated by burning hydrocarbons. Insect
movement, insect-caused damage and insect reproduction
ceases as soon as the commodity is placed in CA storage.
CA storage is best suited to parts of the storage system
where movement of grain is slow. Its slow action,
particularly at low temperatures, makes it inconvenient in
its present form as a disinfestation measure at terminals if
a high through-put is required.

Bailey and Banks (1974) carried out field trials parallel
with laboratory studies. Nitrogen was used as the gas
because it was conveniently available and was best
covered by supporting literature. The goal of the field
trials was to maintain an atmosphere of less than 1.5%
oxygen indefinitely at reasonable economic cost. This
long-term storage approach contrasts with the work of
other investigators who have all used an approach similar
to fumigation. The toxic atmospheres in these studies was
maintained only for a brief period with relatively high
make-up rates of gas. Bailey and Banks used effective
sealing to eliminate the possibility of the existence of local
areas of high oxygen and to substantially reduce the gas
required to be introduced on a continuing basis for
maintenance of the atmosphere within acceptable oxygen
limits. One of the limitations of this approach is the lack
of storage facilities that can be made sufficiently gas-tight
for the purpose.

Among the limitations that are inherent in the use of
controlled atmospheres is the relatively long time for an
existing insect population to be killed, especially at low
grain temperatures.

It appears very unlikely that a strain of stored product
insect will evolve which is capable of completing its life
cycle in very low oxygen or oxygen-free atmospheres
though resistance to high concentrations of carbon dioxide
have been encountered (Banks and Annis 1977).

It is interesting to consider whether any form of
resistance by the insects to controlled atmospheres could
develop. Bailey and Banks (1974) feel that an increase in
the time required to kill could be selected over many
generations or that some species might enter into a form of
diapause. In either case effective control would still be
achieved as reproduction would be extremely slow or
would cease. The possibility of an increase in the time
factor is a good reason to aim the program at continuous
storage under controlled atmospheres, rather than looking
upon its use as a form of fumigation.

Banks (1978), in reviewing recent advances in the use
of modified atmospheres for stored-product pest control,
pointed to the importance of the relevance of sealing of
the enclosure to the general technique of modified
atmosphere storage. Though sealing may sometimes be
expensive, the cost can be offset against the saving of gas.
The sealing of a storage also provides an insect-proof
barrier. Banks (1978) reported experience from 8 large-
scale field trials carried out in Australia with nitrogen
generated from liquid nitrogen and from a series of other
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trials carried out in Australia, Isracl, USA and elsewhere
with carbon dioxide from cylinders and atmospheres
generated by burning hydrocarbons. His conclusion was
that it is possible to generate and maintain an insecticidal
concentration of oxygen, nitrogen and carbon dioxide
under a variety of field conditions. While efficiencies
have been found to be high, there is scope for some
improvement, particularly with nitrogen by altering the
purging rate. Several trials carried out in Papua New
Guinea under conditions similar to that to be expected in
commercial use were highly successful.

Banks (1978) pointed out that much more data are
needed on the response of stored-product insects to
differing atmospheric compositions and particularly to the
effect of a varying concentration. The effectiveness of the
modified atmospheres at temperatures below 20°C is
inadequately researched. Despite these limitations, there
are many advantages of modified atmosphere storage.

Bailey and Banks (1980), in a review of recent studies
of the effects of controlled atmospheres on stored-product
pests, point to the conflicting literature on the relative
susceptibilities of various species, the relative speed of
action of nitrogen/oxygen mixtures and those containing
carbon dioxide and the temperature dependence of the
action of air/carbon dioxide mixtures. They reviewed the
effects of controlled atmospheres on stored product mites
and predators as also the possible development of
tolerance to such atmospheres. They concluded that an
accentuation of the delay in development observed when
stored-product insects are treated with low oxygen
atmospheres together with an increased overall tolerance
would result in a form of resistance. There appears no
reason why such resistance could not be selected for and
why it could not eventually become significant in
commercial practice, particularly if short exposures of 1
month or less are used. A similar form of tolerance could
arise to high carbon dioxide atmospheres. They point to
numerous studies where such a tolerance has been
examined. The possibility of the eventual rise of resis-
tance cannot be taken to invalidate the controlled
atmosphere technique but must be borne in mind, as in
fumigation, so that the technique is not used in situations
where it is likely to be incompletely effective, thus
providing a population of insects selected for tolerance to
the control measure.

Bond and Buckland (1979) have shown that a high
level of resistance to carbon dioxide can easily be
developed in Sitophilus granarius.

Sharp (1979) and Sharp and Banks (1979) reported a
series of trials, carried out in Australia, which resulted in
the development of disinfestation procedures for wheat in
freight containers. The containers must be selected to be
of high gas-tightness. After loading the grain, about 60 kg
of dry ice is added, half loose and half in an insulated box.
The loose dry ice quickly sublimes to carbon dioxide gas,
while that in the insulated box gives a slow release of gas
over about 8 days, which compensates for gas loss by



leakage. This technique was shown to be equally effective
for bulk-loaded and bagged wheat and could no doubt be
applicable for use with other grains.

Modified atmosphere techniques for grain storage have
been under study in Australia for over 60 years but until
recently have been widely used only during one brief
period (1917-19). Full-scale testing of nitrogen-based
atmospheres started in 1972 and has led to development of
a process, based on tanker-delivered liquid nitrogen.
Since, under dry Australian conditions, the quality of
grains such as wheat is maintained adequately in storage,
emphasis in the use of nitrogen-based systems has been on
insect rather than quality control.

More recently the use of carbon dioxide has been
investigated. Carbon dioxide, at present, is the preferred
atmosphere for insect control as it is easy to apply and,

unlike nitrogen atmospheres, does not require a contin-
~ uous input of gas after the initial purge if the storage is
well sealed. Carbon dioxide-based atmospheres are now
in use in Australia for insect control in stored grain.
Banks et al. (1980) published a summary. of the
experimental and commercial trials carried out with
modified atmospheres in Australia. If insect control only
is required, it should only be necessary to maintain the
modified atmosphere until elimination of insects is
achieved. The sealed fabric of the storage should then
provide a barrier against reinfestation.

Kashi (1981) evaluated the prospects of controlling
pests in stored grain with carbon dioxide. When the air in
a storage structure is replaced with either the inert gas
nitrogen, with a biologically-active gas like carbon
dioxide, or with a low-oxygen atmosphere (for example
one that can be produced by burning hydrocarbons so as to
contain about 0.1% oxygen, 8.5-11.5% carbon dioxide,
with the balance principally nitrogen) an environment
which is unfavourable for the normal life of insects and
other pests, such as rodents, is created.

Inert, low-oxygen atmospheres need to be maintained
for extended periods and hence are only effective if the
structures are extremely gas-tight and when provision is
made for the frequent addition of inert gas. Carbon
dioxide is only mildly toxic to insects and is effective only
when concentrations in excess of 40% are maintained for
a sufficiently long period. In the past, carbon dioxide has
not been used successfully because techniques were not
available for maintaining sufficiently high concentrations
of the gas for extended periods in normal storages. The
situation has now changed, however, and the use of
carbon dioxide is currently receiving favourable attention
(Banks and Annis 1977; Banks 1978; Kashi 1981) with
the expectation that it may be adequately effective at
concentrations below 40% when the atmosphere can be
retained for sufficiently long periods.

Laboratory tests with the major stored-product insects
have shown that most adults can be killed with pure
carbon dioxide within 10 to 48 houts but it is not possible
to use pure CO, for fumigation. Exposure times of more
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than 14 days are required to kill insects when the
atmosphere contains 35-80% carbon dioxide. Adult
insects recover completely from limited exposure to
carbon dioxide. Mites are more difficult to kill, although
their activity ceases in atmospheres having a high
concentration of carbon dioxide.

Not surprisingly, the gas-tightness of structures has
been identified as the most important criterion in ensuring
effective and economical treatment with carbon dioxide.
Good sealing of the structure prevents the loss of gas due
to wind and temperature cycling in the headspace. The
initial cost of sealing existing structures or fabricating
new, gas-tight structures may appear prohibitive but the
cost may well be compensated by the savings in gas.
Reports indicate failure to kill insects with carbon dioxide
in high dockage (i.e. dirty) grain.

The possibility of insects surviving under high levels of
carbon dioxide, and thus developing resistance to it,
cannot be overlooked, for the extensive use of carbon
dioxide might be expected to promote the selection of
resistant strains. Bond and Buckland (1979) showed that
the treatment of successive generations of granary weevil
(Sitophilus granarius) adults with carbon dioxide
produced insects with a threefold increase in tolerance to
the gas in seven generations. The most obvious disadvan-
tages of using carbon dioxide for grain protection are the
need for long exposure periods, special evaporators and
large quantities of gas. Slow action may make its use
inconvenient at terminals requiring a high throughput.
Practical experience has shown that concrete structures
rapidly absorb large quantities of carbon dioxide and it is
not yet clear whether this may have deleterious effects on
the strength and stability of concrete structures.

Banks (1981a), in reviewing the use of alternatives to
contact insecticides pointed out that there are several
important constraints to the adoption of an unfamiliar
physical control system involving controlled atmospheres
and insect exclusion:

1. Adoption of the process may involve training and
substantial alteration of current practices.

The capital costs of the provision of suitable
enclosures may be considerable.

. The method is not well adapted to use with produce
which is moved frequently.

Carbon dioxide may be unavailable. The technology
of external inert atmosphere generation has not been
developed for small-scale use and requires research.

None of these appears insuperable.

2.

A comprehensive review of the effects of controlled
atmosphere storage on grain quality was published by
Banks (1981b). He concluded that both low-oxygen and
carbon dioxide-rich atmospheres do not have detrimental
effects on the overall storability of grain.

In a later review Banks (1984a) pointed out that CA
storage in its various forms is a relatively slow process for
insect control, compared with conventional fumigation.
With the artificially induced modified atmospheres, the



process may take days, weeks or even months to produce
complete mortality of stored-product pests. If the atmos-
phere is maintained either at a low oxygen (less than 2%,
preferably 0.5% oxygen) or high-CO, (greater than 40%,
preferably 60% CO,), it provides a good storage atmos-
phere in which grain quality is preserved at least as well
as, and for most grain, better than in air.

One of the essentials for successful use of CA storage is
a gas-tight enclosure. Procedures for testing storage
structures for gas-tightness were reviewed by Banks
(1981b). These tests are relatively easy to carry out, even
with complex structures such as buildings. The generation
of gases suitable for use as modified atmospheres was
discussed by Banks (1984c).

Connell and Johnston (1981) reported an investigation
of the economics of introducing controlled atmosphere
storage under Australian conditions. The study reported
the costs of introducing these measures to existing grain
storages and compared these costs with existing chemical
costs.

Annis et al. (1984) told of successful experiments
using carbon dioxide to control insects in stacks of bagged
rice under a PYC-membrane enclosure. Bagged stacks of
milled rice were fully enclosed in an envelope of PVC,
consisting of a fitted membrane covering the top and sides
of the stack, bonded with adhesive to the floor sheet.
Addition of gas at a rate of 2.4 kg/tonne gave an average
concentration of 70% within the stack. In all cases the rate
of loss was such that an initial level of 70% of carbon
dioxide would have taken longer than 10 days to decay to
35%, the regime required for complete insect kill. When,
under humid tropical conditions in Indonesia, the covers
were removed from the 4 treated stacks 28, 56, 86 and
133 days after the addition of carbon dioxide, the rice was
in good condition and the initial infestation by a number
of pest species had been eliminated.

Jay (1984) reported studies to control Rhyzopertha
dominica with modified atmospheres at low temperatures.
During laboratory studies carried out in the USA, eggs,
larvae and pupae of Rhyzopertha dominica were exposed
to 60 or 98% carbon dioxide, 99% nitrogen or normal air
at temperatures of 1.7, 4.4, 10.0 or 15.4°C and 58%
relative humidity for 1, 2, 3 or 4 weeks. The 4
atmospheres tested eliminated adult emergence almost
completely at 1.7 and 4.4°C after 3 and 4 weeks,
respectively. At 10°C, adult emergence was prevented by
treatment with 60 or 98% carbon dioxide after 3 weeks,
and at 15.4°C with 60% carbon dioxide after 2 weeks. At
most of the temperatures tested, the atmosphere contain-
ing 60% carbon dioxide was the most effective.

Jay (1984a) reviewed recent advances in the use of
modified atmospheres for the control of stored-product
insects and concluded that this was a viable alternative to
the use of fumigants. However, he believes that many
more field studies are still needed to develop data
applicable to commodity storage. This research should
include further studies on application and distribution
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techniques, sealing, and the development of sound
economic data so that industry can fully evaluate the:
method and determine if it fits into their particular
marketing programmes.

4.2.10 Tonising Radiation

The fundamental principles and practical problems of
using ionising radiation for the control of stored-product
insects are well set forth in the publication by Cornwell
(1966) which deals mainly with research carried out in the
United Kingdom. Cogburn et al. (1972) and Tilton et al.
(1974) provided extensive information on practical as-
pects of gamma-irradiation for control of insects in bulk
wheat and wheat flour.

A distinction must be made between the objective of
producing sterile insects for subsequent use in genetic
control programs (producing fully vigorous but sterile
individuals) and carrying out a total control program
(producing sterile and incapacitated or preferably dead
insects). The latter object is considered here.

Gamma-rays, accelerated electrons, natural beta parti-
cles (Robertson 1974) and neutrons (Hooper 1971;
Smittle et al. 1971) have been used to kill insects or to
render them sterile or debilitated.

Estimates of doses required for sterility and death vary
widely between research workers and species. In general a
dose of 50 krad (gamma rays) is required for sterilising
Lepidoptera though Coleoptera may only require 25 krad.
Small numbers of Gnathocerus have been recorded to
emerge from 100 krad (Brower 1974a) and the acute LD/
99 of Corcyra cephalonica is said to be 170 krad
(Loaharanu et al. 1972). Adult life span is much reduced
at these levels. A dose of 150 krad was required to prevent
reproduction in Piophilo casei (Zuska 1973) and larvae of
Ephestia cautella survive up to 4 weeks after 100 krad
dose (Cogburn et al. 1973).

Watters and MacQueen (1967) demonstrated that
there were large differences among insect pest species in
radiation sensitivity and time of death after treatment,
especially at lower radiation doses. In tests on 5 principal
stored-product species, all species except Rhyzopertha
dominica died in less than 3 weeks after irradiation at 50
krad. Irradiated Tribolium castaneum lived longer than
non-irradiated beetles and this was the most resistant
species at 6.25 krad. Though some individuals were
temporarily sterilised for the first few weeks, they later
regained fertility. Adults of other species that survived
6.25 krad were permanently sterilised. Survivors of all
species continued to feed on wheat kernels.

Tilton et al. (1974) showed that when naturally or
artificially infested wheat flour was packed in metal cans
or multi-wall paper bags and treated with doses of
gamma-irradiation ranging from 31.8 to 48 krad, popula-
tions of mixed stages and species of insects were not
eliminated within 1 month. However, doses averaging 15
krad did cause 100% mortality within 3 months of
irradiation among eggs and young larvae of those species



most likely to be present in flour. The result showed that if
mortality of all eggs and young larvae is to be complete by
the end of 1 month, the dose selected must be higher than
50 krad.

The mortality produced by given doses is influenced by
the dose rate and pre-irradiation holding temperature
(Singh 1973). High irradiation rates are more biologically
effective against Tribolium castaneum eggs (Brown and
Davis 1973) but lower rates produce higher mortality of
adult Rhyzopertha dominica (Singh and Liles 1972).
Nitrogen atmospheres exert a slight protectant effect
against the influence of gamma-rays (Langley and Maly
1971; Wakid (1973). Fractionated doses give higher
mortality than an equivalent single dose against adult
Rhyzopertha dominica (Liggins and Singh 1971). Adult
longevity usually is reduced by irradiation but under
special circumstances may be prolonged (e.g. White and
Hutt 1972). On occasions fertility has partly recovered
from an initial sterilising dose (Hutt and White 1973;
Robinson 1973). It has been claimed that some benefit
ensues from the combination of gamma-irradiation with
microwave or infra-red treatments for disinfestation of
grain (Cogburn et al. 1971; Tilton et al. 1972;
Kirkpatrick et al. 1973) though no cost study was done.

On a pilot scale, gamma-irradiation has been tested for
the disinfestation of wheat (Cogburn ef al. 1972) and
flour (Tilton et al. 1972). The dosage requirements of 45
krad (Calderon and Gonen 1971) to ensure sterilisation
of all stored-product pests severely limits the economic
scale of any commercial bulk irradiation plant because it
reduces throughput or requires a very large facility and
thus high capital costs. Death of the insects may be much
delayed (e.g. >3 months) even at this level (Tilton et al.
1974). Even in 1975 the number of commercial bulk
commodity irradiators in use was very few. A full-scale
facility was constructed at Iskenderun, Turkey, but never
commissioned. In 1980 an electron accelerator was
established at Odessa Port’s grain elevator (USSR) where
it irradiates up to 400 tonnes an hour with a claimed
efficiency of 100% (Gilzin 1984).

The use of a low-intensity source placed permanently in
a grain storage has been discussed but rejected because of
the possibility of continuous reinfestation. It has been
shown that chronic irradiation at 170 R/day causes slow
population decline in Tribolium spp. (Erdman 1973).

Atomic radiation at present is the only physical control
measure used which requires tolerance levels on the
applied dose. These have been established by several
countries for bulk grain and packaged foods (Watters
1972; Ahmad 1973; Tilton et al. 1974) and are at a level
which only permits a single 40 krad disinfestation. Since
an irradiated commodity is as infestable ‘after as before
irradiation, it requires further subsequent protection. This
places severe limitations on the applicability of the
method to unpackaged foods.

Baker et al. (1953) wrote of the lethal effects of
electrons -generated by the Van de Graaff accelerator on
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insects infesting wheat and flour. They concluded that the
biological and chemical effects of accelerated electrons
are the same as those of X-rays and gamma-rays. The
penetration of accelerated electrons into matter is less than
that of X-rays of corresponding voltages, but the penetra-
tion is of sufficient magnitude to be considered. In a
second paper (1954) Baker et al. provided further
information on the effects of accelerated electrons on
insects which infest wheat flour and beans together with
information used to calculate dosage, penetration of
electrons into wheat and flour, rate of treatment of
product, cost of electrical energy for a given dose and a
review of literature.

Cornwell (1964) used wheat labelled with P* and
found that Sitophilus granarius, irradiated at 16 krad,
consumed half as much food as did untreated adults.
Fourteen weeks after irradiation at 6.25 krad, Tribolium
confusum, T. castaneum, Cryptolestes ferrugineus and
Rhyzopertha dominica were placed on wheat of 13.5%
moisture content to determine the extent of feeding. All
species damaged wheat, especially in the germ region of
the kernels; in some, the germ was completely removed
while in other Kernels the germs were partially eaten.

Lai et al. (1959) reported no damage to the milling and
baking qualities of wheat irradiated at 100 000 rep
(roentgens-equivalent-physical) but there was progressive
damage to dough volume, crumb grain, texture and colour
as the dose was increased to 1 million rep.

Cornwell et al. (1957) studied the lethal and sterilising
effects of gamma-radiation on insects infesting cereal
commodities. They irradiated immature stages of 12
species at 20 000 rep. There was a reduction in emergence
of adults. Insects which survived the treatment were
sterile. The vast majority of these emerged during the first
17 days after irradiation which suggests that growth of
young larvae had been inhibited and that only pupae and
late larvae completed their development. Irradiated larvae
of Ephestia spp. remained alive for many weeks, but
failed to pupate. These studies showed that irradiation
prolongs the duration of larval stages; doses greater than
20 000 rep are required to prevent the emergence of adults
from irradiated pupae. The irradiation of adults at the
highest experimental level (50 000 rep) produces no
immediate ‘knock down’ effect. Increasing the dose
produces only a slight reduction in the time required to
obtain 100% kill. While the insecticidal property of
radiation exposes marked differences in the tolerance of
the various species, irradiation with low doses has shown
that 13 species are sterilised at or near 6000 rep. This
would suggest that lethal doses evoke physiological
processes which are more complex than those involved in
destroying germ cells.

Banham and Crook (1966) showed that pupae of
Tribolium castaneum and to a lesser extent, adults, when
irradiated at low doses, survived better than the controls.

Tilton et al. (1966) exposed 4 major stored-product
pests to various levels of gamma-radiation from a cobalt®



source. All four metamorphic stages of each insect were
used. In all species the adults were the most tolerant,
followed by the pupae, then the larvae and then the eggs.
No dosage used was high enough to produce immediate
complete mortality of all species. All 4 species were
sterilised by gamma-radiation in a single continuous dose
of 25 krad or more.

Tilton (1975) reviewed the achievements and limita-
tions of ionising radiation for stored-product insect control
and showed that extensive tests conducted by many
workers throughout the world had proved that doses of
gamma-irradiation below 50 krad controlled insects in
stored products. Practical methods of using gamma-radia-
tion with most products had been developed. Combina-
tions of infra-red heating with gamma-radiation gave
excellent results controlling stored-product insects in
wheat. Results with electron irradiation agree closely with
those for gamma-irradiation. Disinfestation with ionising
radiation is technically feasible, but the method is not
used commercially for economic reasons. Some studies
indicate that irradiation disinfestation has a favourable
cost relationship to fumigation. These studies were based
on the assumption that all the product to be handled by a
facility will be treated and that the product will be
available on a continuous uniform flow basis for treat-
ment. Neither of these assumptions is correct: fumigation
of commodities is usually highly selective and is used
only when needed, and most products move through
collection or shipping points with great fluctuations in
volume. Another disadvantage that must be considered is
the initial high cost of an irradiator, with most of the cost
for several years of disinfestation being paid at the
beginning of the operation.

Tilton (1979), in a later review of the status of
irradiation for use in stored-product insect control, drew
attention to the work of the Joint FAO/IAEA International
Program in the Field of Food Irradiation (IFIP). Clearance
for the use of irradiation of grain had been given in the
USSR in 1959, in the USA in 1963, in Canada 1969 and
in Bulgaria 1972. The difficulty in obtaining clearance
from health agencies and the non-uniformity of regula-
tions between countries is therefore not the major reason
for current lack of practical use of irradiation. Electron
accelerators for grain irradiation appeared to offer con-
siderable economic and practical advantages.

Watters et al. (1978) discussed the potential of
accelerated electrons for insect control in stored grain and
pointed to two factors which have limited the use of
ionising radiation for insect control. First is the apparent
high cost of installation and operation; secondly, are
restrictions that may be imposed due to possible quality
changes in the irradiated product. Both of these factors
have adversely influenced the widespread acceptance of
irradiation for the direct control of stored grain infesta-
tion. Furthermore, the irradiated grain must be stored in
uninfested bins, ship’s holds or containers to protect it
from further infestation until it reaches its final destina-
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tion. This implies that insecticides and good sanitary
practices must be employed to supplement radiation
disinfestation of the grain. The authors were confident
that in identifying and recognising the limitations of
ionising radiation we may be in a better position to
determine its proper role for the control of insects in
stored grains.

Sethi et al. (1979) published the results of a series of
studies on the control of stored-grain pests by gamma-
radiations under different storage conditions. Studies
carried out under laboratory conditions in India had shown
that it was possible to halt reproduction in Tribolium
castaneum infesting stored grain by release of sterile
adults. This technique was also tested in galvanised iron
bins and mud storage structures. When a further test was
carried out in a warehouse, sterile adults of Tribolium
castaneum were released in the ratio of 10 sterile insects
to each normal individual. It was found that, though the
population of T. castaneum was checked, populations of
other stored products insect pests had increased. It was
concluded that this method has comparatively limited
chances of success under conditions where the grain is
infested by more than one pest species.

Brower (1980a) studied the inheritance of partial
sterility in progeny of irradiated males of Ephestia
cautella and its effect on theoretical population supres-
sion. Adult males of Ephestia cautella were irradiated
with 5-20 krad gamma-radiation and paired with un-
treated virgin females in the laboratory in Georgia, USA.
Progeny were collected for 3 generations, and lines were
established with all possible degrees of inbreeding and
outbreeding. Although a high degree of population
reduction occurred only in the F; generation that had
doses of 15-20 krad, population models showed inbreed-
ing of those insects that received the lower doses caused
sufficient depression to reduce the abundance of a natural
population greatly for several generations after a single
inundative release of sub-sterilised males.

Zhbara and Shikrenov (1983) reported that laboratory
studies carried out in Bulgaria showed that eggs and
larvae of Ephestia kuehniella infesting stored grain could
be controlled by gamma-irradiation. A dosage of 6 krad
was necessary to kill all eggs. A dosage of at least 14 krad
was necessary to protect grain against larvae, causing total
mortality after 80 days. The shortest period in which
complete mortality could be obtained was 60 days at 20
and 22 krad against first and second instar larvae and 50
days at 22 krad against third and fourth instar larvae.
Puperal mortality ranged from 28.4% at 8 krad to 72% at
22 krad.

Gilzin (1984) described a ‘radiation disinsectisation
unit’ which has been operating since 1980 in Odessa
Port’s grain elevator in the USSR where it irradiates up to
400 tonnes an hour. It is stated to be effective against all
stages of insect development, ‘its pests extermination
efficiency being 100%’. By raising the temperature of the
grain being irradiated, pests can be exterminated much




more quickly. It is claimed, therefore, to be especially
suited for use in the tropics.

After long and exhaustive studies involving the feeding
of colonies of animals on irradiated wheat and wheat
flour, it was proven that these products were wholesome
and nutritious and were therefore given legal clearance for
human consumption by the Governments of Canada, the
United States of America and the Union of Soviet
Socialist Republics. This means that in those countries
irradiated wheat is given the same status as other foods
that appear on the market (Goresline 1973).

The US Food and Drug Administration has approved
the irradiation of wheat and flour with absorbed doses of
20 000 to 50 000 rad from gamma sources providing
energies of not greater than 2.2 MeV. Electron irradiation
of energies not greater than 5 MeV is currently being
considered for FDA approval.

Irradiation from cobalt® or caesium'*’ sources or from
electron-accelerating machines is certainly effective but
the cost at present is very high and the process gives no
subsequent protection to the grain. Furthermore, the
treatment can only be given at a few major grain handling
centres where very large quantities of grain are collected
together. The cost of the process prohibits its use in
country areas when the grain is first received from the
grower. Thus chemical control would still be required if
the buildup of large populations of insects is to be
prevented (Goresline 1973; Bailey 1979).

Bailey (1979), reviewing the potential for the use of
irradiation of grain in an exporting country, concluded
that a country, such as Australia, which lives by its
exports and its international reputation, and which has a
heavy investment in an existing storage system, would
obtain no benefit, but would incur a great deal of extra
cost, if it were to adopt the use of irradiation. He
concluded that the real role of grain irradiation is for use
as a quarantine measure by importing countries. A
number of the problems faced by Australia would not
confront importers. It would be feasible for grain to be
passed through the irradiator as soon as it is received since
it would be channelled through just a few import
terminals. Because the effectiveness of the treatment
would be under the control of the importing country, the
delay before all pests died would be acceptable.

Watters (1984) reviewed the potential of ionising
radiation for insect control in the cereal food industry and
pointed out that high capital costs meant that an
installation would have to operate for 4000 hours per year
to approach the cost of fumigation. If it could only operate
for 500 hours per year fumigation would be more
economic. The decision on whether to install an ionising
radiation device will depend on deficiencies of current
control methods, the amounts of insecticides presently
used, their frequency of application, comparative costs,
the feasibility of integrating an irradiator into a cereal flow
system, and customer or consumer acceptance of
irradiated foods. Some of the answers cannot be deter-
mined in advance of industrial utilisation.
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4.2.11

Inert dusts made from a variety of local materials such
as ground rock or wood ash have been used to control
insects in subsistence level grain stores (Azab et al.
1971). These may be used at rates above 30% of the
weight of grain. It is recognised that such materials
protect grain by preventing movement of insects within
the grain mass. Modern equivalents, such as silica
aerogels, have been tested on a large scale but have not
been adopted despite their efficacy. The large quantities
of material required, frequently up to 1% by weight,
render it inconvenient and lead to downgrading of the
commodity through dust and lowered bulk density.

Dusts made from silica aerogels, various clays,
diatomaceous earth, activated carbon, pyrophylite and a
number of other silicates function as insect killers by
absorbing or abrading the waxy layer from the insect
cuticle, thus causing the insect to lose control of its rate of
water loss. It dies of desiccation. The true mode of action
of these dusts has long been in dispute. Beaument (1961)
rejected absorption, favouring disruption of the spatial
configuration of the insect epicuticle as the mechanism
whereas Ebeling (1969 and 1971) provided evidence in
favour of the importance of absorption. At this stage of
our knowledge, it may be better to disregard theoretical
considerations and to take at its face value the good
correlation between the ability of dusts to absorb wax and
their ability to increase the rate of water loss from living
insects. The effectiveness of such sorptive dusts has been
reported by Cotton and Frankenfeld (1949), King et al.
(1962), LaHue and Fifield (1967), LaHue (1970a),
Ebeling (1971), and White et al. (1975). Performance is
considerably higher under conditions of low humidity and
in some instances failure has been reported when the
sorptive dusts were incorporated in high moisture grain
(Ebeling 1971; LaHue and Fifield 1967). A number of
such dusts are extremely effective in quickly killing a
wide range of stored-grain insects when added to low-
moisture grain at rates ranging up from 10 kg/tonne. At
least one appears effective at 1 kg/tonne (Ebeling 1971).

Many workers over several decades have endeavoured
to exploit the capacity of diatomaceous earth to abrade
and absorb insect cuticle and to cause dehydration of
stored-product pests (Strong and Sbur 1963; LaHue
1965, 1966, 1967, 1970a; LaHue and Fifield 1967). The
application rates required are often unacceptably high.

Inert dusts do not entirely overcome the residue
problem although their residues are not toxic. The dusts in
the grain are unpleasant for workers handling treated
grain. Some of the dusts are abrasive on machinery.
Industry now spends considerable sums of money clean-
ing grain before sale or export and hence it does not
welcome the addition of dust for any purpose. Attempts to
introduce such dusts have resulted in downgrading of the
grain with consequent loss of value and sales appeal.

Silica aerogels, because of their low cost and ease of
application may lend themselves for on-farm use in

Inert Dusts



developing countries where absolute freedom from toxic
hazard is an important consideration. Diatomaceous earth
dusts impregnated with low concentrations of grain-
protectant insecticides appear to have particular promise
for use in developing countries (LaHue 1978).

Golob (1981c) pointed out that frequently grain is
stored on the farm for seed, in small quantities and
protected by admixture with locally available ‘inert’
materials, such as ashes from the kitchen fire, sand,
sawdust, vegetable oils, tobacco dust, etc. In this way the
farmer can adequately protect seed at no cost to himself,
even though the quantities required for admixture are very
much larger than would be needed if synthetic insecticides
were used.

Golob et al. (1982) set up trials under ambient
conditions in southern Malawi to determine the effective-
ness of admixing locally available powders with maize to
protect the grain during storage. All of the powders,
dolomite, wood ash, tobacco dust, sawdust and sand,
restricted infestation. The effectiveness was directly
related to dosage. The highest dose, 30% by weight,
completely covered the grain. The protection afforded by
woodash admixed at 30% by weight was of the same order
as that provided by admixing pirimiphos-methyl at 8.8
mg/kg.

Golob et al. (1983) assessed the effectiveness of maize
core ash, an additive traditionally used as a storage
protectant in Tanzania in preliminary field trials to control
Prostephanus truncatus which had the previous year been
first recorded as an established pest of maize in Africa.
They were able to show that 10% or 30% ash would
reduce the percentage damage to grain by more than half.

Rheenen et al. (1983) showed that ashes gave some
protection to bean seeds against bean bruchid beetles but
the beetle control was not always sufficient.

Diatomaceous earth has been subjected to extensive
evaluation as a grain protectant. Considerable work was
done in the USA in the early days including many official
trials (Strong and Sbur 1963; LaHue 1965, 1966, 1967,
1970a, 1977c, 1978; LaHue and Dicke 1977; LaHue
and Fifield 1967). Diatomaceous earth has been used as
the carrier for various insecticides, particularly malathion,
where it appeared to enhance the potency of the
insecticide. However, such insecticidal dust formulations
will not be considered here but will be dealt with in the
chapters devoted to the individual insecticidal com-
pounds.

LaHue (1967) evaluated diatomaceous earth along with
malathion and pyrethrum as a protectant against insects in
sorghum grain. The diatomaceous earth was applied at the
rate of 1860 grams per tonne. It was thoroughly mixed
with the sorghum grain by rotating in a steel barrel roller
for 5 minutes. The treated grain was then poured into each
of 5 bins of one half cubic metre capacity in a heated room
which was heavily infested artificially with 5 species of
stored-product pests. The diatomaceous earth treatment
killed Sitophilus oryzae for 1 month only and had no
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adverse affect on Tribolium confusum in any of the tests.
Repellency lessened with the increase in damage to the
grain.

White ef al. (1975) evaluated diatomaceous earth
against silica aerogel dust and malathion for the protection
of stored wheat from insects. The wheat was stored in
3250 bushell circular metal bins. Two diatomaceous earth
preparations, ‘Perma-guard’ and ‘Kenite 2—1" were com-
pared with the standard treatment with malathion. Perma-
guard proved most successful, comparable to malathion,
in controlling insect infestations. Airborne dust was a
nuisance when loading and unloading the bins, and
increased problems with the machinery. LaHue and
Fifield (1967) carried out a small-bin storage study in
which a diatomaceous earth (Kenite 2—1) was applied to
the wheat at a rate of 3.5 kg/tonne. This treatment proved
equally effective to the standard malathion spray during a
15 month period when samples from the bins were tested
with Sitophilus oryzae and Rhyzopertha dominica.

LaHue (1970a) evaluated diatomaceous earth against
malathion, diazinon and silica aerogel in half cubic metre
bins over a 12 month period. The diatomaceous earth was
applied at a rate of 3.5 kg/tonne; it proved comparable to
malathion in preventing damage from Rhyzopertha
dominica, Sitophilus oryzae and Cryptolestes pusillus.

LaHue (1977¢) reported that diatomaceous earth dust
was very effective but its abrasive quality, largely due to
silica content, damages all types of machinery used in
commercial seed handling and farm planters.

When diatomaceous earth was mixed with wheat at
1785 g/tonne, grain-infesting beetles ranked in order of
decreasing susceptibility as follows: Cryptolestes pusillus,
Sitophilus oryzae, Sitophilus granarius, Rhyzopertha
dominica, Oryzaephilus surinamensis, Trogoderma
parabile, Tribolium castaneum, and Tribolium confusum
(Carlson and Ball 1962). In another investigation, when
used against 6 species of grain pests diatomaceous earth at
1750 g/tonne of wheat prevented infestation for 6 months,
2680 g/tonne for 9 months and 3570 g/tonne for 12 mon-
ths (Strong and Sbur 1963). LaHue (1965) found
diatomaceous earth at 1785 g/tonne to be less effective
after 1 year than malathion at 15 or even 10 g/tonne of
wheat. In a later investigation 2 brands of diatomaceous
earth at dosages of 1785, 3125 and 4460 g/tonne protected
the quality of wheat better than malathion emulsion
applied at the rate of 10 g/tonne and much better than 2
brands of unfluorinated silica gel at 670 g/tonne (LaHue
and Fifield 1967). Wheat treated with diatomaceous earth
was downgraded because of decreased test weight, and
when treated with silica aerogels it was classified as very
low quality because of the presence of foreign substances.

Cotton and Frankenfeld (1949) reported effective
control of stored-grain pests with silica aerogel but
commented that treated grain would be subject to discount
because of the residue. King et al. (1962) considered that
the low mammalian toxicity and protracted residual
effectiveness of silica aerogels would make them useful




for protection of grain intended for farm consumption and
for packaged food products. The good control of Sito-
philus oryzae and Tribolium castaneum resulting from the
use of this material led to further studies. Sorghum grain
containing 12% moisture was treated with silica aerogel
(SG-68) ranging up to 1% by weight. Excellent control of
Sitophilus oryzae and Oryzaephilus surinamensis resulted
from applications of silica gel at all concentrations used.
Consequently a further series of trials with lower concen-
trations ranging up to 0.2% of the grain by weight was
conducted. Effective control of Sitophilus oryzae was
obtained with concentrations as low as 0.05%. Further
work showed that satisfactory control apparently did not
result when concentrations were below 0.05%.

In a small-bin storage study in the USA, LaHue and
Fifield (1967) found a silica aerogel (Cab-O-sil) did not
give satisfactory protection to wheat when applied at the
rate of 670 g/tonne although the end results indicated that
a higher dosage might be satisfactory.

Ebeling (1969) considered that dusts with a high
surface area per gram of substance and with particles
exceeding 20A with low mineral sorptivity for water
appeared to be the most effective.

LaHue (1970a) found that the silica aerogel Cab-O-sil
at 890 g/tonne afforded nearly complete protection to
wheat for 12 months.

Ebeling (1971) published a 55 page review of the
subject of sorptive dusts for pest control and this paper is
recommended for further study since it discusses in great
detail the physical and chemical properties of silica
aerogels and the epicuticle of insects and thereby draws
conclusions about the mode of action of silica aerogels. It
draws attention to the importance of incorporating am-
monium fluorosilicate during the manufacturing process
to increase the electrostatic charge and greatly improve
silica aerogels as dust desiccants by causing particles of
the aerogel to be attracted to insects which possess the
opposite (negative) charge. When insects crawl over such
charged particles they adhere to their cuticle in much
greater quantity than uncharged particles and this results
in a more rapid mortality. Such positive electrostatic
charges are retained indefinitely when the powder is kept
in a closed container but when the powder is exposed in
the thin layers in the atmosphere it loses its charge within
2 to 3 months, depending upon humidity and the rate of
air movement.

White et al. (1975) report evaluations of silica aerogel
dusts, diatomaceous earth and malathion to protect stored
wheat from insects. Wheat was stored in circular metal
bins holding approximately 90 tonnes. Two silica aerogel
materials, Cab-0O-sil and SG-68, were compared with the
standard treatment with malathion. They were applied as
the bins were loaded. The wheat was sampled periodically
to measure insecticidal effectiveness, physical changes
that would affect grade and chemical residues. Both
materials were effective but not superior to malathion.
Airborne dust was a nuisance both when loading and
unloading - the bins.
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Rodriguez et al. (1984) described experiments carried
out to examine selected newer formulations of silica gels
and compare these with other inert materials for use as
coatings on cardboard and evaluate their efficacy as
desiccants on a number of common stored-product
insects. The authors were very enthusiastic about the
results, particularly the relative efficacy of one product
which they described as ‘micronized silica’. However, the
results are very poor indeed compared with those reported
by Ebeling (1971) or White et al. (1975). They bear no
comparison with the performance of Dryacide reported by
Arthur (1981).

Silica aerogels, while highly effective in terms of
insecticidal activity, have proved unmanageable because
of their extremely low bulk density. The discovery of a
process to coat diatomaceous earth with a film of silica gel
has presented a practical method for utilising the insec-
ticidal properties of silica gel for the treatment of grain.
Arthur (1981) told how the new product, known as
Dryacide, has been subjected to laboratory and field
assessment. A grain treatment rate of 0.1% (1 kg/tonne)
has been found to provide effective protection against the
major insect pests where grain moisture has not exceeded
12%. Sitophilus granarius has been the most difficult of
the test insects to control with Dryacide; other species
could be controlled at treatment rates of less than 1 kg/
tonne. In view of its mode of action, it will not control
insects at the time they are developing within the grain.
However, because of Dryacide’s inert and stable nature it
will, over a time, control active infestations and protect
grain against further attack. Dryacide is currently (1986)
being used on more than 500 000 tonnes of farm-stored
grain and seed in Australia each year and the use is
expanding rapidly.

4.2.12 Physical Shock and Disturbance

Both experimental studies and commercial experience
have shown that insects and mites can be killed by
physical stress and damage experienced during the
handling and processing of grain and cereal products. The
effectiveness of physical stress depends on particle
velocity, distance travelled and force of impact. Death
appears to be due to gross rather than minor physical
damage such as abrasion of the cuticle resulting in
excessive water loss or physiological disturbance.

Turning grain from one silo to another or from the
bottom to the top within the one silo may have some value
in reducing insect numbers but it is not possible to
extrapolate from experience with one species to another
let alone all pest species.

In the laboratory, percussion forces experienced by
Sitophilus granarius impinging on solid surfaces at 45.7
metres per second Kkilled all adults treated, but destroyed
only 98-99% of the immature stages within the grain
(Bailey 1962). Some 20% of the grain was shattered by
the impact. Repeated impacts of infested grain, moving at
12.8 metres per second, yielded lower kills of Sitophilus



granarius, but did not damage the grain (Bailey 1969).
Adult Cryptolestes ferrugineus are more susceptible than
either Sitophilus oryzae or Sitophilus granarius when
dropped 14.1 metres at 16.6 metres per second (Los-
chiavo 1978b).

Several workers (e.g. Cogburn et al. 1972) have
reported considerable kills of stored-grain beetles in
pncumatically conveyed grain (velocity greater than 7
metres per second). Conveying through augers or
elevators has a less dramatic effect than pneumatic
conveying but, nevertheless, may lead to appreciable
mortalities, particularly of the immature stages. Sampling
after turning may reveal a population that appears to
consist only of adults (e.g. Oryzaephilus surinamensis).

Millers exploit the sensitivity of insects and mites to
impact by using ‘entoleters’ in which infested grain is
swung from the centre of a high speed rotor (about 1800—
3600 revolutions per minute) on to fixed or mobile studs
at the periphery of the machine. Insect fragments and
broken grains are removed by aspiration and sieving
(Watters 1972).

Watters and Bickis (1978) subjected wheat infested
with Cryptolestes ferrugineus to mechanical movement
through a farm auger to compare the extent of insect
control with that obtained by treatment of augered wheat
with malathion at 8 mg/kg. Assessment of insect popula-
tions for 34 weeks after treatment showed that the auger
treatment, by itself, did not control adults or larvae.

42.13 Light

Insects respond to visible, ultraviolet and infra-red
radiation (Eldumiati and Levengood 1972; Marzke ef
al. 1973) but the potential of this response for control has
yet to be realised. It may be possible by artificial light
regimes to alter the photoperiodic responses of insects,
particularly moths, (Schecter et al. 1971). This can lower
frequency of mating or reduce fertility (e.g. Lum and
Flaherty 1969; Lum 1975), alter diapause responses
(Hayes et al. 1970) or cause flights suitable for efficient
control by chemical means. Females of Plodia interpunc-
tella mated with males reared in continuous light have
reduced numbers of spermatozoa in the spermatheca and
produce fewer eggs (Lum and Flaherty 1970). The effect
is increased in the presence of carbon dioxide (Lum and
Phillips 1972).

More directly it may be possible to attract insects into
an area in which another control measure is operating.
Traps where an insect is attracted by long-wave ultraviolet
light into a high tension electric grid e.g. ‘Insect-O-cutor’
(Anon 1969) are in use in many food retailing premises.

There have been studies to improve light trap design
(e.g. Lam and Stewart 1969); Stanley and Dominick
1970; Barrett et al. 1971) and to predict the number of
traps required to achieve pest population control (Heart-
stack et al. 1971; Onsagher and Day 1973).

The influence of visible light on the behaviour and
biology of stored-grain pests has been reviewed by Lum
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(1975). Adult moths, in particular, are generally in-
fluenced by the manipulation of light/dark cycles
(photoperiodism). The patterns of adult emergence,
mating behaviour, oviposition and diapause can be
modified by changes in the lighting and relative propor-
tions of the light and dark periods in which the rhythmic
behaviours of the moths are entrained. The underlying
mechanisms are not yet well understood but it is possible
that the manipulation of photoperiod could render stored-
product moths, in particular, more amenable to other
control methods.

Light traps emitting specific wave lengths have been
used to trap insects for control as well as for survey
purposes (Watters 1972; Nelson 1975). Plodia interpun-
ctella and Ephestia kuehniella are more attracted to green
light than they are to ultraviolet. By contrast, the converse
was true for several species of stored-grain beetles
(Soderstrom 1970). Once attracted, the insects can be
trapped on sticky plates or killed in high voltage electric
grids (Electr-O-Cuters) (Gilbert 1984).

Insects that infest stored products respond, like many
other species, to visible light wave lengths ranging from
350 to 770 nm. Responses other than phototactic respon-
ses are reflected in many types of rhythmic behaviour. In
Anagasta kuehniella, Cadra cautella and Plodia interpun-
ctella, visible light influences the development and
emergence of adults, their reproductive behaviour and the
development of reproductive organs. Adult emergence
can be entrained to specific times of the day, and the light/
dark cycle can be used to regulate oviposition, mating,
and the ‘calling’ and release of pheromone by the females.
Also, light, mediated probably through the neuroen-
docrine system, influences spermatogenesis in male
Plodia interpunctella and Anagasta kuehniella. The many
responses of insects to light provide opportunities for
investigation of the physiological mechanisms that can be
exploited to alter or manipulate behaviour of stored-
product insects. Such an investigation would supplement
existing physiological, chemical or biological data and
could pinpoint ways to develop or improve control
methods (Lum 1975).

Interest in the use of short wave length (253 nm)
ultraviolet (UV) radiation as a method of insect control
has revived in recent years, partly because it is non-
chemical and partly because it could be extremely
effective in certain situations (e.g. insect rearing
facilities). However, despite its documented lethal effects
(Wharton 1971; Beard 1972; Gingrich et al. 1977), UV
radiation has played no part in control programs to date.
There are several reasons. Undoubtedly, the primary
difficulty is that UV radiation, at least at the shorter wave
lengths, can be injurious to human cells although the
underlying mechanisms are only partly understood (Giese
1964). Any attempt, therefore, to employ high intensity
sources of UV radiation in areas of human activity would
probably be restricted. Lack of penetration of these light
rays through some substances would certainly be a second



reason. However, there are alternative ways of using UV:
a pest species could be attracted to a shielded trap, a
commodity could be irradiated for a very short time, or
the phenomenon of photoreactivation (light repair of UV-
induced damage) could be used. UV radiation should be
viewed not only as a control method with lethal
capabilities but also one which can provide new approa-
ches to insect control: e.g. pheromone breakdown (Goto
et al. 1974; Bruce and Lum 1976) and the converse,
pheromone protection using UV-absorbing compounds,
offer exciting possibilities (Bruce and Lum 1978).

4.3 Fumigation

The decision to exclude fumigation from this review
should not be interpreted as an indication that the author
fails to recognise the importance of fumigants in controll-
ing stored-product pests. Quite the contrary. However,
fumigation is a major topic in its own right and it deserves
to be considered in the light of the extensive literature that
is available. Fumigants will be briefly mentioned
wherever they have been used in conjunction with the use
of grain protectant insecticides. It is, however, important
to recognise that fumigants and insecticides are different,
that each has its place, its advantages and its limitations.
They need to be considered and used so that they
complement each other.

One reason for the popularity of fumigation as a means
of controlling stored-grain insects must surely be its
flexibility. It is nearly always possible to modify applica-
tion methods so as to meet the requirements of different

51

climate and storage conditions. The most comprehensive
information available on grain fumigants is provided in
the FAO Manual by Monro (1969) and the subsequent
revision by Bond (1984). A good review is provided by
Harein and De Las Casas (1974).

Industrial fumigants can be applied singly or in
combination to improve their effectiveness or decrease
their potential hazard. It is generally recognised that the
ideal fumigant has not been developed, especially when
considering the wide variety of fumigation circumstances
one may encounter. It is considered unlikely that any
useful fumigants yet remain to be discovered. All
fumigants are potentially lethal to humans before, during
or after application. Considerable care must be exercised
to reduce the hazard to acceptable levels.

Whilst in the past it has generally been assumed that
fumigants do not give rise to residues in fumigated
commodities, modern analytical techniques have revealed
that a large number of fumigants give rise to substantial
residues which have now become a matter of concern to
health authorities.

To gain full value from the use of fumigants, insect-
proof storage facilities are required because no fumigant
confers any residual protection upon the fumigated
commodity which can readily become re-infested if any
insects remain in adjacent premises or in the vicinity.

Fumigants remain the materials of choice for disinsect-
ing grain which has become infested prior to shipment as
well as for ensuring that transport vehicles and vessels
awaiting the loading of clean grain are themselves free of
insect pest infestation.



5. Insecticides in Stored-Product Pest Control

5.1 Their Properties, Development and Regulation

Having considered some of the non-chemical means of
controlling pests in stored grain it is now proposed to
discuss the need and justification for the use of insec-
ticides and to review the evidence which provides the
requisite assurance of consumer safety.

The use of insecticides to control insects in stored
products is usually not a matter of choice between
methods of control, but a choice between use of
insecticides and food losses. It devolves into a question of
whether infestation and losses in commodities are to be
tolerated and, if not, whether alternative control measures
are practicable. Fortunately, because of the efficacy of the
range of insecticides that may be used and their low
toxicity when correctly used, chemical control is by far
the lesser evil when compared with losses that may occur
without their use.

Until comparatively recently there was a tendency to
regard the presence of insects in close association with
food as inevitable. However, in most industrialised
countries the presence, in food, of any recognisable part
of an insect is no longer regarded as acceptable. The
highest degree of purity in our foods, including freedom
from pests or their remains, is now expected. In many
countries the required purity is legally enforced. The
improvement in food hygiene which has been effected
during the past 20 years can, to a very large extent, be
attributed to the development of the hybrid science of pest
control and, more particularly, to the development and
usage of synthetic insecticides which pest control research
has stimulated.

The use of insecticides on stored products has progres-
sed in recent years from application of a few inorganic
materials to the use of a large number of highly effective
organic compounds and subsequently to the selection of a
preferred few of these. Some very effective compounds
have been discarded or displaced because of potential
hazards to human health or the environment. Effective
insecticides such as DDT and dieldrin have fallen into
disuse because of residual stability and adverse effects on
wildlife. Others have or may become obsolete because of
toxic or mutagenic effects on animals. Still others may
become obsolete for other reasons such as insect resis-
tance. Some compounds have been eliminated or restric-
ted because of the action of pressure groups and
polititians.

Notwithstanding the shortcomings of synthetic insec-
ticides, -it has been proved that chemical pest control
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methods, if carried out intelligently and knowledgeably,
can be both effective and safe. There is no doubt that
insecticides contribute largely to the conservation of our
food stocks and to the maintenance of their quality and
purity. Therefore, unless there is to be an unexpected
acceptance of foods contaminated by insects or until some
alternative, practicable, economic and effective form of
pest control, free from all hazards to operators and
consumers, can be put into effect, we must rely on these
insecticides.

Although the total quantity of insecticides used for
grain protection is not known, it is certainly considerable
and is increasing rapidly. Herve (1985), quoting from
statistics provided by the Wood-Mackenzie organisation
in 1983, states that of US$675 million worth of pyreth-
roids sold for non-agricultural use in 1980, US $100
million worth (ex-manufacturer) were utilised for treat-
ment of stored grain. This was equal to the value of
pyrethroid insecticides used in public health and half the
value used for veterinary purposes.

The criteria that determine whether or not a pesticide
can survive for commercial use are many and they are
changing. The requirements for registration are stringent
and there is some indication that they may become even
more stringent. Regulations are made to ensure that new
compounds coming on the market will have minimal
hazard to health and the environment. Since the pos-
sibility of new insecticides being discovered is small and
the development of new materials is costly and slow it is
essential that the insecticides we now have be used with
the greatest care and effectiveness possible. Many ques-
tions can be asked about present policies regarding the use
of insecticides on stored products: should our methods for
screening, evaluating and registering insecticides change?
Should we put increasing emphasis on new formulations,
new methods of application and use? How important is the
resistance problem and can we do anything about it?
These are all questions that come te mind when we think
of the great demand for food preservation and pest control
in the future (Bond 1975).

Chemical control must be placed in its correct perspec-
tive. It should be emphasised that synthetic insecticides
must be regarded as an adjunct to good management, to
reinforce hygiene and sanitation, to enhance the effective-
ness of available storage facilities, to complement
physical control methods and not to replace good
warehouse-keeping or regular inspection for infestation or
deterioration.

Grain-protectant insecticides should be regarded as



tools used in, rather than as substitutes for, well-planned
storehouse management, for without such management all
available pest control techniques will fail. They must be
regarded as one of several options that might be
considered in each situation where grain is to be stored,
whether it be in the hands of the tribal system, the peasant
farmer, village storekeeper, grain merchant or central
grain authority.

Each of the many methods of insect control has its place
and its advantages. There are many situations where 2 or
more methods can be used in an integrated program. Not
all methods, however, are, suitable for use in every
situation. Grain-protectant insecticides offer many advan-
tages, though admittedly, these advantages are more
important in some grain-storage situations than in others.
As the name implies, grain-protectant insecticides should
be used to protect grain from attack, damage and
infestation. They should not be looked upon as a primary
means of destroying an already established infestation.
They perform best when used in conjunction with a high
standard of hygiene and sanitation and should never be
seen as a substitute for these important measures.

Bond (1974), in a paper on future needs and develop-
ments to an international conference on stored-product
entomology, appealed for a great deal more information
on properties and uses of existing pesticides in order that
they can be exploited most effectively. Whilst there is a
pressing need for new pesticides to deal with some of our
‘current control problems, the possibilities of new com-
pounds being discovered and developed is not great. We
will most likely have to rely on compounds already in use
for most of our treatments. In addition, more basic
information is required on the toxicology of pesticides,
the response of the pest to treatment, persistence and
degradation of pesticides and formation of residues is
needed. We must know more about the materials we are
using and the way pests respond to them so that the
pesticide can be directed to the most vulnerable point of
the organism’s lifecycle and biochemistry. Information on
mode of action is required to understand and deal with
resistance with - pesticides.

Winks and Bailey (1974) stressed the regulatory
aspects governing the use of pesticides on stored products
in Australia.

Minett (1975), in discussing some factors influencing
the effectiveness of grain protectants, described ex-
periments with non-uniform insecticide distribution which
were found to significantly increase the effectiveness and
persistence of malathion and dichlorvos.

Watters (1975) pointed out how the need for safer and
better pesticides, greater understanding of the inter-rela-
tion between pest biology and pesticide action, and the
application of techniques and practices for improving the
effectiveness of pest control agents will provide wide
scope for future research on stored-product pesticides.
The combined use of physical and chemical controls
should reduce the amount of chemicals needed for insect
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control and consequently reduce selection pressure which
contributes to the emergence of resistant strains. Environ-
mental factors such as temperature, grain moisture content
and availability of food, influence insect locomotor
activity and, consequently, the amount of toxicant picked
up by insects. Thus, toxicants which stimulate insect
activity will counteract environmental effects which tend
to reduce insect activity. Public concern about contamina-
tion of foods suggests that more attention should be given
to extension and public relations in the safe and efficient
use of stored-product insecticides to counteract the
unfavourable publicity given to pesticides.

Watters (1975) further emphasised that most chemical
compounds supplied for testing have already been
critically evaluated by the chemical industry or by various
research institutes. Evidence concerning efficacy against
stored-product insects is usually derived from a limited
number of laboratory tests which form part of an overall
screening program. Additional research therefore is often
needed to evaluate those aspects of an insecticide’s
performance that are of concern for a particular climatic
region, or for a special need. This usually involves tests of
efficacy against one or more economically important
species, and studies to determine persistence and rate of
breakdown under certain environmental conditions. Com-
parisons with other insecticides should reveal where the
candidate insecticides overcome some of the deficiencies
inherent in currently used compounds. The acid test, of
course, is whether the insecticide actually meets the
expectation of a wide variety of users under a wide variety
of conditions. Considering the many combinations of
factors involved in the practical use of an insecticide it is
little wonder that there are instances where a recommend-
ed insecticide use does not provide the control expected.
Variations in dosages, application equipment, breeding
surfaces, substrates, environmental conditions, the sus-
ceptibility of insect species, stages and strains and in the
people who actually apply the insecticide, all contribute to
wide divergencies in results. When all of these factors are
considered it is indeed remarkable that there is any
unanimity of opinion at all concerning the performance of
an insecticide. It must not be forgotten also that of the
people who are applying insecticide to control an
infestation, some are sceptical of its performance and do a
slipshod job, some do a token job to conform with
instructions issued by management or a regulatory
agency, while others are conscientious in trying to obtain
the desired results.

The use of chemicals on or near foodstuffs for insect
control or for prevention of infestations has to be
considered in relation to the ultimate use of the food.
Imported foods would be subjected to scrutiny both for
chemical residues and for insects to comply with national
standards of health and food sanitation. If the commodity
is to be used immediately for processing, the requirements
may be less stringent for the presence of insects but more
exacting for chemical residues. By contrast, if the food is



to be stored in reserve for several months or years, the
presence of insects will not be tolerated but there will be a
longer period for the breakdown of chemical residues.
High food standards in developed countries place a heavy
burden on developing countries in tropical and sub-
tropical zones that are expected to export foods which are
both uninfested and free of insecticide residues and other
contaminants.

Golob (1977) edited an extension handbook, designed
to assist the small farmer in storing grain for consumption,
not for seed. It discusses the problems which farmers face
after harvest, and suggests methods of using insecticides
which apply to all types of village-level stores. It points
out the simple basic needs in regard to insecticidal
powders and powder sprinklers, gives notes on prepara-
tion of store and produce before applying the insecticide,
describes the treatment of maize on the cob and of
threshed grain and finally points out simple safety
precautions.

Desmarchelier and Bengston (1979a) summarised the
methods used to evaluate protectants suitable for any
given set of conditions as follows:

1. laboratory tests on effectiveness, resistance pat-
terns, etc;
laboratory tests on period of protection, under a
range of conditions, against artificial re-infestations;
development of methods of analysis of residues;
trials in 2 commercial storages, 1 in a summer
rainfall climate, 1 in a winter rainfall climate;
chemical assays by up to 10 residue chemists, and
biological assays with up to 20 strains in 8 species,
are performed on samples of stored grain at intervals
of 6 weeks for a period of 9 months;
extensive pilot usage trials in 20 commercial
storages; in such trials, residues are monitored at
regular intervals and the storages are regularly
examined for possible insect infestation;
development of a predictive model of loss of
residues, and comparison of laboratory predictions
with commercial results;
organoleptic and residue tests on grain products
such as cooked rice, malt and bread.

Desmarchelier and Bengston (1979a) described
predictive models for loss of residues of 12 protectants on
grains. From these models one can calculate the persis-
tence of a chemical on any grain under any constant or
varying conditions of temperature and moisture content.

Taylor and Webley (1979) discussed the constraints
on the use of pesticides to protect stored grain under rural
conditions in developing countries where damage to grain
is often great. It is suspected that, though effective
insecticides exist to overcome this problem, they may be
being used only in a very small measure in some
developing countries. There are many reasons this is so,
for example the absence of a supplier or convenient
package size, lack of government approval or an exten-
sion campaign and the high relative cost of chemicals to
the rural user.

2.
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Snelson (1979b) discussed the topic of pesticide
residues in stored grain, their significance and safety and
described the measures taken to provide the necessary
assurance to governments, traders and consumers.

Greening (1979b) pointed out that chemical treatments
1o control grain insects on farms in Australia are likely to
be needed even if it were possible to convert the bulk
grain handling system to using physical methods of insect
control. Grain kept for stock feed may become a reservoir
of insects that can spread to harvesting machinery and
contaminate new grain at harvest. Methods of protecting
and fumigating farm-stored grain and disinfesting harvest-
ing machinery have been developed.

Pinniger and Halls (1981), summarising the recom-
mendations of an international seminar on the use of
pesticides for the control of stored-product pests in
developing countries, stated that it was agreed that the
subsistence farmer will conserve food by whatever means
are at his or her disposal. He/she needs to reduce damage
but not necessarily achieve complete control. When
capacity to grow more is increased he/she needs to store
more. The farmer may have to store higher yielding
varieties which have greater susceptibility to insect attack.
Then assistance will be needed to kill insects and prevent
losses by use of pesticides. It was agreed that there was a
great shortage of data on efficacy at the farm level,
although many workers had experience of particular
problems and insecticide usage. The collection and
collation of data from different storage situations was
recommended.

Taylor (1981) reported that the results of a survey
initiated by Taylor and Webley (1979) indicated that the
major constraints on the use of insecticides for farm-
stored grain were non-availability, high cost and lack of
appropriate small packs. Ignorance of modern insecticides
among farmers was also an important consideration.

Webley (1981a) was critical of the poor quality of
dilute insecticidal dusts available to small farmers. The
results of a survey had indicated that many such dusts
collected from the field had degraded completely, largely
due to the use of unsuitable materials as carriers. He
stressed that higher standards of stability are needed in
developing countries and that a 2-year shelf life must be
the minimum requirement.

Webley (1981b) pointed to the importance of improved
insecticides since in every farm or village storage system
in which there are susceptible crops being stored in
conditions supporting insect pests some insecticidal
measures may be required. The alternative traditional
methods may not be safer and he questioned whether ash,
oil or powdered leaves and roots applied at up to 30% of
the weight of the grain can be safer than a few parts per
million of well-tested insecticide. He pointed to the value
of the work of the Joint FAO/WHO Meeting on Pesticide
Residues and urged manufacturers not to recommend to
developing countries methods which would not be used in
the West and not to encourage countries to use chemicals
in ways which do not strictly conform with the recommen-




dations of the JMPR. He considers that we are currently
fortunate in having some very good insecticides, which
the farmer should be encouraged to make good use of, to
everyone’s advantage.

McCallum-Deighton (1981) examined the possible
reasons for failure of farmers to use effective insecticides
and suggested remedial measures. Although the potential
market for stored-product pesticides in the developing
countries is quite large there is such tremendous fragmen-
tation into many countries and among many farmers, each
producing relatively small amounts of cereals, that the
interest to manufacturers is reduced accordingly. All the
expenses involved in getting the small amount of
insecticide dust into the hands of the farmer increase the
cost to the point where the farmer is barely able to pay.
The lack of education, incentives and perceived benefits
among subsistence farmers in developing countries in-
hibits the adoption of effective insect control measures.
Inappropriate formulations and techniques not suitable to
the peasant farmer’s way of life constitute another
disincentive. The problems and delays involved in
registering new pesticides for use with stored produce is
yet a further complication. The level of literacy in many
developing countries is low so that there is a language
barrier in trying to educate the farmer.

Snelson (1984a, b, c¢,), in lecture notes for an
international training course on preservation of stored
cereals, outlined the general principles of the use of
insecticides, the properties of insecticides and their
preparation and application.

The report of discussions and recommendations of the
seminar by the Group for Assistance on Systems relating
to Grain After-harvest (Anon 1981) stated that whilst
some progress has been made in identifying situations
where simple treatments with pesticides will be effective
and acceptable to the farmer, there is an urgent need for
cost/benefit studies to be carried out to determine at what
point the promotion of the use of pesticides and
protectants at the farm level can be recommended. Such
studies should also consider the important problem of
ensuring the availability of suitable pesticides, both in
terms of efficiency of the active ingredient and formula-
tion. There is an urgent need for further studies on the
comparative cost-effectiveness of different warehouse
protective treatments in order to evolve treatment regimes
which are more effective than the commonly practiced
stack spraying.

Calverley (1981), in a keynote address to an inter-
national seminar on the appropriate use of pesticides for
the control of stored-product pests in developing coun-
tries, pointed out that there are few situations in the
storage of grain for which some technical solution cannot
be found. On the other hand, we are very conscious that it
is the inability to transfer existing knowledge which is the
main hindrance to progress. There exists in too many
developing countries a limited understanding of tech-
nology and restricted facilities or opportunities for
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training to improve this situation. He suggested that the
seminar distinguish between treatments or pest control
practices which have failed because the treatment was
unsuitable and those for which the application was
inadequate. He pointed to the very substantial im-
provements in pest control in Australia, enforced by
recent grain surpluses and expanded export programs. He
suggested that these have come from improved applica-
tion and better control of long established treatments as
much as from the application of new technology of insect
control.

Based on the experience of the Joint FAO/WHO
Meeting on Pesticide Residues and the Codex Committee
on Pesticide Residues, Snelson (1983) discussed and
presented recommendations on the quantity and quality of
residue data required for the establishment and enforce-
ment of maximum residue limits.

Harein (1982) pointed out that grain protectants have
several advantages over fumigants; they persist for
extended periods at concentrations lethal to the target
insects; they are generally safer to apply; and they require
little, if any, special application equipment. Protectants
are applied to kill most indigenous insects but, of more
importance, to prevent insects from establishing an
infestation. One protectant application may be sufficient
during a single storage season if the grain moisture
content is low and especially if applied to grain as it
warms above 15°C in early summer. Protectants can be
used effectively in loosely constructed storage facilities
that could not be fumigated successfully without extensive
and expensive sealing.

Desmarchelier and Banks (1984) described some of
the processes undertaken in the Australian grain storage
industry which lead to optimum and appropriate use of
protectants. These procedures are designed to meet a “nil
tolerance’ specification for insects in grain. It should be
possible to meet such a specification in any central storage
system, given adequate management and laboratory back-
up. Many of the monitoring procedures require a substan-
tial level of training on the part of the investigators.
Managers often lose sight of the fact that accurate
application of pesticides at a parts-per-million level is a
fairly difficult exercise in applied chemistry or chemical
engineering and it is not surprising that proper control of
such a process must include personnel with a reasonable
understanding of these disciplines.

A summary report of discussions and recommendations
at the GASGA (Group for Assistance on Systems relating
to Grain After-harvest) Seminar held, 17-20 February
1981, at the Tropical Products Institute, Slough, England
(Anon 1984) recommended that national governments, in
collaboration with GASGA members, should undertake,
as a matter of priority, a review of current post-harvest
pest control problems in relation to:

1. materials and techniques currently used in the

country;

2. the level of efficiency and success being achieved;




3. constraints affecting the use of pesticides, such as

availability, suitability of formulations currently

available and problems of registration;

the potential for improvements of existing pest

control procedures;

. the ability of locally available manpower to use the
pesticides properly;

and formulate an action program to remedy any problems

which emerge from the review.

Samson (1985) reviewed the effect of factors such as
moisture and temperature on the biological efficacy of
residual pesticides. Effects on efficacy reflecting
availability of residues for pick-up by insects, differences
in pick-up for reasons other than availability, and insect
responsiveness after pick-up were outlined. Insect respon-
siveness is little affected by humidity. Its relationship with
temperature, described by temperature coefficients, varies
depending on the insecticide. With admixture treatments,
efficacy is little affected within limits by distribution of
the insecticide in the grain mass. Efficacy is reduced on
small grains because of their greater surface area to
volume ratio and perhaps insect movement is restricted.
Availability of actual residues declines during storage,
and is reduced irreversibly at high moisture contents.
Residues on fabrics also lose their efficacy over time,
particularly on absorbent substrates. The effect is lessened
if insecticides are applied in wettable powder form. The
availability of sorbed residues on hydrophilic substrates
may be reversibly increased at higher humidities. Pick-up
of insecticide is enhanced at higher temperatures because
of increased availability and insect activity, but whether
this is reflected in insect mortality depends upon the
temperature coefficient of the insecticide.

Samson (1985) concluded that the basic understanding
of the biological action of admixed insecticides may
considerably improve their efficiency in practice. Insect
control by means of mixing insecticide with grain
represents a very ‘finely-tuned’ system. A balance must
be struck between minimum effective concentrations for
insect control on the one hand and maximum residue
limits on the other. This balance is achievable because
many of the factors influencing efficacy of the insecticides
can be controlled: the substrate to be treated, viz. the
grain, is very uniform; a sufficiently uniform distribution
of insecticide in the grain mass is readily achieved;
desired concentrations of insecticide can be applied
accurately; and both temperature and moisture content are
controllable to some extent. Under these circumstances, it
is quite feasible that insecticides or dose rates can be

varied, on the basis of results of basic research, to be

appropriate for different storage conditions.

Snelson (1985b) described the national and inter-
national systems and practices for the regulation and
registration of pesticides for use in grain storage systems.
He described the many safeguards introduced for the
protection of operators, consumers, livestock and trade
and outlined the type of developmental work required to
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produce adequate evidence of efficacy, fate and residues
of grain protectant insecticides.

Evans (1985) conducted laboratory tests using popula-
tions of Tribolium castaneum, Tribolium confusum,
Sitophilus zeamais, Callosobruchus maculatus and
Zobrotes subfasciatus from Uganda, firstly to determine
whether they were resistant to malathion and/or lindane
and secondly to measure the effectiveness and stability of
pirimiphos-methyl, fenitrothion, etrimfos, permethrin and
deltamethrin dilute dusts in protecting cereals and pulses
from these insect pests. All the insect populations tested
were resistant to malathion or lindane and some were
resistant to both. Of the insecticides tested, deltamethrin
at 1 mg/kg was generally the most effective. The
organophosphorus compounds were only effective against
the Tribolium species and Sitophilus zeamais. Permethrin
was the least effective, only controlling Callosobruchus
maculatus.

The following is a list of the main advantages which
grain protectant insecticides offer:

(1) Versatility. From the extensive range of grain
protectant insecticides available, it is possible to
select one or more products which are ideally
suitable for protecting any stored product from
any, or all, stored-product pests.

Universal. Grain protectants are applicable to all
storage systems. Remarkable success has been
achieved with simple insecticide powders applied
to primitive maize cribs under tribal conditions in
the least developed countries. Countries like
Australia, which have a highly sophisticated
central storage system for handling all types of
grain, have used grain protectant insecticides as
part of an integrated system for eliminating
(virtually) all insects from many millions of
tonnes of grain.

Practicable. Grain protectant insecticides fit in
with, but do not hamper, storage and handling
practices. The insecticide, its formulation and
method of application, are easily adapted to be
compatible with, or complement, all such
procedures.

Equally suitable for all grains provided appropri-
ate rates are used.

Predictable. The fate of each grain protectant
insecticide can be be predicted from a knowledge
of the storage temperature and relative humidity.
Treatment can be planned accordingly so as to
ensure that an adequate level of protection is
maintained for the full period of storage without
leaving unnecessarily high levels of residue.
Simplicity. The formulation and method of use
can be designed to suit the level of sophistication
of the particular grain storage system. Dilute
dusts, pre-packed into small sachets, sufficient
material to treat one bag, basket or other normal
unit of grain can be provided for safe use by the
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most unsophisticated communities. Emulsifiable
concentrates or ultra-low-volume formulations are
available for use in mechanised or automated
central storage systems.

User safety. Provided the product is chosen with
due regard to the conditions under which it is to be
used, there should be no risk of misadventure or
harm to users.

Economical. An extremely high level of protec-
tion can be obtained with absolute minimum of
capital cost and an insignificant direct cost that is
offset many times over by direct and indirect
savings and increased return from treated
produce.

Speed. Treatment with grain-protectant insec-
ticides can be carried out immediately since no
preparation is required. Extremely effective ap-
plicators can be devised at little or no cost.
Do not interfere with fertility of seed. This should
be contrasted with fumigants and irradiation.

Preventative. The use of grain protectants, par-
ticularly at the stage the grain is being taken into
store, reduces the risk of infestation of premises,
other stocks, transport and prepared food; also
avoids the risk of damage to grain and contamina-
tion of grain with insects and their secretions.
Consumer safety. All or most of the residues
applied to the raw grain taken into storage,
disappear or are removed before the cereal food
reaches the consumer. This increases the high
level of safety already provided by the extensive
data available on the toxicology. The insecticides
are approved as grain protectants by health
authorities who are satisfied that there are no risks
to consumers.

In several countries, where grain protectant insec-
ticides are used exclusively or extensively for the
protection of grain, total diet studies have re-
vealed that the intake of residues of these
insecticides by consumers is well within the
amount that is deemed to be without hazard if,
consumed daily for an entire lifetime.

Tens of millions of tonnes of edible food grains have
been treated successfully with grain-protectant insec-
ticides under a wide range of conditions. These grains
have entered, and have been accepted in, international
trade, in spite of the enormous quantities of grain
involved. Meticulous monitoring has revealed that it is
possible to apply grain-protectant insecticides to the
extent necessary to virtually eliminate insects from
commercial grain shipments whilst complying completely
with the rigid legal limits for residues.

In spite of this outstanding achievement, the use of
chemical treatments for insect control in stored com-
modities has not been accepted universally. The following
are believed to be some of the reasons:

1. general lack of understanding about the problems
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of tropical countries and countries which have not
yet attained a high level of sophistication in the
handling and storage of grain;

failure of many people and national authorities to
recognise the need to use chemicals to protect
valuable food, ensure the availability of staple
commodities as a buffer against famine, maintain
economy and meet the demand for food to feed the
increasing population;

lack of knowledge about the limitations of avail-
able non-chemical measures to control stored-
product pests;

fear of the unknown;

belief that man-made chemicals are somehow
different to chemicals that occur in nature; failure
to recognise that grain and similar stored products
are, by nature, chemicals and that many of their
natural chemical components are at least as toxic to
laboratory animals as those approved for addition
to grain for pest control;

traditions, sometimes backed by national legis-
lation, that nothing which might be regarded as
‘deleterious’ should be added to food commodities;
the development of the ‘natural food’ cult and the
attendant rackets in ‘health foods’;

political pressure by merchants, domestic
producers and other self-interest groups to create
misgivings about the safety of treated com-
modities, in order to produce non-tariff barriers to
trade.

Grain protectants are insecticides which, when applied
to grain, prevent infestations becoming established. They
are not intended to control heavy infestations present in
the commodity at time of treatment — such infestations
should be controlled by fumigation as a separate opera-
tion. In practice, grain-protectant insecticides will control
light infestations present at time of treatment, but,
because this will accelerate the selection of resistant
strains, it should be avoided.

Only those insecticides which have been specifically
approved for use on and around grain should be used. The
choice of insecticides which may be used is limited by the
very strict requirements which must be enforced to ensure
absolute safety of important basic food commodities. To
qualify for selection as a possible candidate grain
protectant for use on grain the insecticide must fulfil the
following requirements:

l.
2.

v e

it must be effective at economic rates of use;
it must be effective against a wide variety of insect
pests,;

it must be capable of being used without hazard to
operators;

its use must be acceptable to health authorities;
it must not give rise to unacceptable residues;
legal maximum residue limits must be established;
it must present no hazard to consumers of grain and
grain products;
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8. it must not affect the quality, flavour, smell or
handling of grain;

it must be acceptable in international grain trade;
it must not be flammable, explosive or corrosive;
its method of use must be compatible with
established grain handling procedures.

Although the scientific literature contains many re-
ferences to the effectiveness against stored-product pests
of a large number of insecticides, the number which have
been cleared for application to stored grain and for which
maximum residue limits are established is strictly limited.
Of these, only a few have yet been adopted commercially
though the rate of adoption appears to be increasing. The
following compounds have been cleared and are currently
being used for treating stored grain and probably other
stored commodities.

9,
10.
1.

® bioresmethrin ® lindane

® bromophos ® malathion

® carbaryl ® pirimiphos-methyl
® chlorpyrifos-methyl ® piperonyl butoxide
® dichlorvos ® pyrethrins

® fenitrothion

The following compounds have been subjected to
extensive study and several appear capable of fulfilling all
criteria for acceptance as approved grain protectant
insecticides:

® deltamethrin; ® methacrifos;

® (diazinon; ® permethrin;

® ctrimphos; ® phenothrin;

® fenvalerate; ® phoxim;

® jodophenphos; ® tetrachlorvinphos.

The acceptability of each of the above insecticides will
be discussed in the light of the extensive knowledge of the
following characteristics:

. usefulness;

degradation;

fate in milling, processing and cooking;
metabolism;

fate in animals;

safety to livestock;

toxicological evaluation;

maximum residue limits.

XN LW

5.2 Insecticide Residues — Their Measurement and

Fate

Although extensive reference is made to analytical data
on pesticide residues, a decision was made not to review
analytical methods used to study the level and fate of
insecticide residues on grain and cereal commodities. This
was not because of any lack of appreciation of the
importance of analytical methodology but rather that it
was felt that justice could not be done to the subject
without extending the text to an unacceptable length. It is
hoped that a separate monograph dealing with many
important aspects of analytical methodology can be
produced in the near future.

A proper understanding of the performance and fate of
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grain protectant insecticides can be obtained only' from
chemical analysis data generated systematically during the
lifetime of the deposit on the grain and the resultant
residues on the products of subsequent processing.
Although many studies have been conducted without the
use of chemical control or residue analysis, such studies
provide less than ideal understanding of the reasons for
the biological performance which has been reported. It
should be clearly understood, however, that residue
analysis on its own does not provide a clear understanding
of the bio-availability of the aged insecticide deposit.

Loss of insecticidal activity with time has been
attributed, in part, to the decrease in availability of the
insecticide to the insect (Champ et al. 1969). The
biological evidence for decreased availability is not
inconsistent with the chemical data reviewed by
Rowlands (1971) on movement of insecticides from the
outer grain layers. However, chemical and biological data
have seldom been correlated. Desmarchelier (1978c)
presented a mathematical evaluation of the availability to
insects of aged insecticide deposits on wheat and he used
his mathematics in interpreting data previously published
by other authors.

People who are not trained as analytical chemists are
inclined to regard analytical chemistry as an exact
(precise) science which produces nothing but real num-
bers. However, the following important papers draw
attention to the many factors which affect accuracy,
precision and reliability: Federal Working Group on
Pest Management (1974); Desmarchelier et al. (1977);
Thompson (1975); Cochrane and Whitney (1979);
Horwitz et al. (1980); Cochrane et al. (1979); Gunther
(1970); Carl (1979); Gunther (1980); Atallah (1981);
Puschel (1981); Horwitz (1982); and Snelson (1982).

The results obtained with any analytical method tend to
be sensitive to the skills and to the environment of the
analysts (American Chemical Society 1978). A great
deal has been written about the pitfalls of analytical
practice (Telling 1979) and the many steps that need to be
taken to ensure that the results finally reported reflect the
true position.

Analytical reference standards are without doubt a key
to good or bad analytical results (Thompson 1975;
Cochrane and Whitney 1979; Horwitz ef al. 1980). The
precaution of checking the sensitivity and response of
detectors is often neglected (Cochrane and Whitney
1979; Cochrane 1979), and frequently the need to check
the percentage recovery through the whole procedure of
preparation, extraction, clean-up and quantitation is
forgotten (Gunther 1970; Carl 1979; Gunther 1980;
Frehse and Timme 1980).

Many published data on insecticide stability on grains
are of doubtful significance because of lack of replication.
The importance of careful, unbiased, and representative
sampling by trained personnel cannot be over-emphas-
ised. The validity or usefulness of analytical samples or
residue analysis hinges upon an intelligent, realistic



approach to the problem of obtaining a suitable sample.
The analyst’s residue data may be precisely determined
but woefully inaccurate because of inadequate sampling.
An erroneous result may be worse than none at all. Many
workers know this fact yet not all are apparently aware
that many of the discrepancies frequently encountered in
residue studies derive from a failure to consider all the
controlling parameters in planning to take such a sample
(Bates 1974). Snelson (1971) presented extensive data to
demonstrate the problems encountered in sampling bulk
grain for the determination of pesticide residues and
showed how the natural segregation of light particles to
the side and top of grain bulks away from the heavier
kernels which gravitated to the centre and bottom,
produced a distinct separation of its insecticide residues.
The segregation was such as to produce more then tenfold
differences between the residue levels on different grab
samples. Minett ef al. (1984) were able to demonstrate
that the insecticide residue levels throughout the bulk of
wheat treated with conventional spray equipment and with
gravity feed applicators varied through a tenfold range in
spite of care and technical supervision. Small (40 g)
samples drawn at various levels and from various
scgments of a vertical cylindrical silo were found to
contain fenitrothion residues ranging from 2.8 to
28.8 mg/kg as indicated in Table 5.1. The residue
distribution on individual grains varied through a much
greater range as indicated in Figure 5.1.
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Figure 5.1. Distribution of fenitrothion on industrial
wheat grains by conventional spraying and
by gravity feed (Minett et al. 1984).

Desmarchelier and Elek (1978) demonstrated simple
procedures which were suitable for use by untrained
personnel for sampling bulk grain for pesticide residues
and which gave results that were reproducible and
compared favourably with results obtained by more
elegant sampling methods. Several guidelines on sam-
pling have been published (Federal Working Group on
Pest Management 1974) and, following many years of
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Table 5.1. Fenitrothion residues on bulk (40 g) samples taken after two
weeks storage of conventionally and experimentally treated
wheat (Minett ef al. 1984)

Fenitrothion concentration (mg/kg)

Bin sampling Gravity feed Conventional
point treatment treatment
Centre O m 11.0 3.6
Centte 2 9.5 53
Centre 10 11.6 8.9
North 0 9.1 8.0
North 2 11.6 20.1
North 10 6.8 8.1
East 0 .5 2.3
East 2 5.9 17.4
East 10 6.7 5.6
South 0O 11.8 4.5
South 2 2.8 4.5
South 10 2.9 7.3
West 0 28.8 43
West 2 9.9 3.0
West 10 15.6 5.7
Mean 10.2 Mean 7.2
Range 2.8-28.8 Range 2.3-20.1
Coefficient of variation 60.5% 70.5%

international discussion, the Codex Committee on Pes-
ticide Residues (CCPR) in 1979 published a set of
recommended methods of sampling for the determination
of pesticide residues. These methods have now been
adopted for international use. Wilson and Desmarchelier
(1981) showed how railway wagons could be used for
obtaining representative samples of grain for residue
analysis.

Not every investigator has the opportunity to conduct or
confirm studies under conditions which truly represent the
practical use situation. It is recognised that small-scale
studies are both necessary and valuable but in many of the
studies which have been reviewed it would appear that the
investigators were either not sufficently familiar with the
practical conditions encountered in field storage or that
they were prepared to disregard the highly significant
effects of temperature, humidity, surface effects and
surface/bulk ratio.

The controversy which has existed for a long time
concerning the relative relationship of results obtained in
small laboratory studies to those obtained under the
variety of practical conditions encountered in field
practice will no doubt continue. Extensive Australian
experience which embraces small-scale laboratory studies
(100-1000 g), silo-scale studies (50-500 tonnes), and
pilot-scale studies (multiples of 1000 tonnes) has shown
that it is not justifiable to draw conclusions regarding the
fate of insecticides applied to grain in large bulks from
studies performed in small containers unless appropriate
precautions have been taken when carrying out the
laboratory studies, and even then the results are only
approximately comparable. Rowlands (1985) described
some of the pitfalls encountered in very small scale
laboratory experiments where the ratio of grain surface to
air, and grain surface to container surface can have
disastrous effects upon the results. Desmarchelier



(1977a) drew attention to the effect of container size,
shape and pre-treatment on the recovery of malathion and
dichlorvos after application to small quantities of wheat.
Losses exceeding 75% occurred within 48 hours at 25°C
in small containers, but not in bulk grain.

One cannot fail to be concerned about the fact that the
majority of papers dealing with the fate of insecticides
applied to stored grain record deposits immediately after
treatment to be well below the nominal or calculated
(expected) concentration. Some investigators have won-
dered about this, others have expressed concern, but
relatively few have apparently made any effort to find an
explanation for the missing insecticide. Some have
assumed it resulted from failure to land the spray on the
target and undoubtedly this is a factor, especially with
small-scale experiments. However, under practical condi-
tions it should not represent a significant source of loss.

In the case of organophosphorus and carbamate insec-
ticides, there seems no doubt that enzymes present in the
seed-coat of freshly harvested grain cause rapid degrada-
tion of insecticide deposits (Rowlands 1964, 1965a,
1965b, 1966¢c; Rowlands and Clements 1965a, 1965b,
1966; Andregg and Madisen 1983c) showed that
malathion was degraded in stored corn and wheat by fungi
of the type regularly encountered on stored grains.
However, these effects should be considered in the light
of the publications by Desmarchelier (1978a, 1980),
Banks and Desmarchelier (1978), and Desmarchelier
and Bengston (1979a, 1979b) on the influence of water
vapour and temperature on changes in insecticide residue
levels on the grain, particularly recognising that many
investigators have failed to measure or record either
temperature, moisture content or equilibrium relative
humidity.

The losses which can occur between sampling and
analysis can be highly significant, particularly in the case
of freshly treated grain. Even where precautions are taken
to avoid such losses, they can still be highly significant
due to the large surface from which the insecticide can be
co-distilled in the vapour from the film of water. The
relatively large surface of the sample container makes for
absorption or degradation of the insecticide. Glass rapidly
degrades some organophosphorus compounds (Rowlands
1985) and plastics readily absorb a wide variety of
insecticides from the solid as well as the vapour state.
Tinplate can catalyse the degradation of some insec-
ticides, especially when they are in the vapour state.

Australian experience has been that losses from freshly
treated grain are highly significant and that they can be
reduced, if not eliminated, by placing the sample
immediately into solvent (methanol) at the sampling site,
before attempting to transport the sample to the laboratory
even by the quickest available route. As an example of the
importance of this step, Webley (1985) reported that the
apparent loss overnight due to delayed extraction of
methacrifos in 55 out of 60 comparisons in one trial was
12-16%. The difference between the addition of the grain
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to methanol on site and addition in the laboratory the
following day was significant at the 0.001 level (paired t
test). In a similar situation where the insecticide was
chlorpyrifos-methyl the addition of methanol on site gave
a 23% increase in the analytical results initally but this
decreased to zero when analysing samples taken from the
bulk 24 weeks after treatment with the insecticide.

Desmarchelier (1977a) showed that the nature and pre-
treatment of sample containers had a pronounced bearing
on the loss of both malathion and dichlorvos from freshly-
treated wheat samples stored in the containers for only one
day. Loss was less when wheat was stored in acid-washed
glassware that had been rinsed 10 times, than when stored
in glassware that had been washed in dilute alkali prior to
repeated rinsing. In the case of the alkali-treated contain-
ers, the loss of malathion from a wheat sample was 61%
and that of dichlorvos was 72% in 24 hours.

Without doubt, one of the greatest errors introduced
into the measurement of insecticide residues on grain
comes from failure to extract and recover aged insecticide
residues. The problem largely arises through the use of
non-polar solvents which are either unable to penetrate the
grain tissues or to dislodge the bonding between the
residue and the substrate. The pattern appears to have
been established by the Malathion Panel which published
methods for the determination of malathion in cereals and
oil seeds (Anon. 1960). The Panel adopted carbon
tetrachloride as the extracting solvent using the soxhlet
method. The same solvent and extraction procedure was
later adopted for the determination of dichlorvos residues.
Although many residue reports published during the late
1960s indicated that a variety of non-polar and polar
solvents, such as methylene dichloride, were used to
extract the dichlorvos residue from the food commodity,
these methods and the accompanying reports, were later
found to be unreliable (FAO/WHO 1971). In 1968, Shell
Chemicals (personal communication) recommended the
use of ethyl acetate or acetone for the extraction of
dichlorvos residues from grain. Minett and Belcher
(1969) and Elms et al. (1970) showed that dichlorvos
cannot be recovered quantitatively from plant materials,
especially grain, by the use of solvents even as polar as
methylene dichloride. Water or water-miscible solvents,
such as methanol or ethanol, are absolutely essential for
the recovery of dichlorvos residues from plant materials.
A study group in the U.K. (Panel 1973) later reversed the
previous recommendation by proposing the use of water-
miscible solvents.

Horler (1972) published a brief note of a study of the
recovery of “C-labelled malathion from aged samples of
wheat with different moisture contents ranging from 10%
through 15% to 20%. He reported large differences
between the amount extracted with n-hexane compared
with that recovered by methanol. The difference was more
than 50% with wheat of 20% moisture content. In all
cases methanol extracted more than n-hexane. The low
recovery with hexane from the high-moisture wheat



emphasises the misgivings felt about some published data
on residues of insecticides in processed grains and cereal-
base foods in particular.

Horler and Clark (1974) reported on studies to
determine the extractability of '“C- malathion residues
from wheat samples of different moisture content, freshly
treated and aged for 1 year under cold and soxhlet
extraction with hexane and methanol. Their results
indicated little difference between cold and soxhlet
extraction, except that at higher grain moisture contents
malathion appeared to be broken down in the soxhlet
procedure. Only with freshly treated samples was re-
covery complete in terms of unchanged "“C- malathion.

Desmarchelier ef al. (1977) conducted a collaborative
study of five organophosphorus insecticide residues on
wheat, involving the development of suitable methods and
their evaluation. They found that methanol was by far the
best solvent and that substantially complete extraction
could be obtained by soaking the whole grain in methanol
with only occasional agitation. They showed that the
addition of methanolic wheat extract or acetic acid to the
extracting methanol ensured that there was no break-down
of the organophosphorus residue in the extract. Approx-
imately 10% additional residue could be recovered by a
second extraction. These workers warned against the
snare and delusion of checking recoveries on fortified
samples. There is no doubt that insecticide deposits
applied within the last 1 to 2 days can readily be extracted
even with hydrophobic solvents. This does not hold true
for aged residues. The use of ‘water-miscible solvents is
even more vital for the recovery of residues from cooked
cereal foods such as bread, pasta, noodles, rice etc.

For such reasons many descriptions of rates of loss of
insecticides may be inaccurate, because they are based on
analytical procedures not shown to be appropriate for aged
residues.

Since the results obtained with any analytical method
tend to be sensitive to the skills and to the environment of
the analysts, the Codex Committee on Pesticide Residues,
as part of the FAO/WHO Food Standards Program, has
developed Guidelines for Good Analytical Practice
(Codex 1983). These define good practice in the analysis
of pesticide residues and point out that there are 3 major
components, the analyst, basic resources and the execu-
tion of the analytical procedure.
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The typical multi-residue analysis of biological material
as is currently conducted, is a highly complex procedure
fraught with pitfalls throughout the operation. Generally,
the procedure consists of several distinct steps; sample
preparation; extraction of pesticides from the substrate;
clean-up; gas-liquid chromatography; and interpretation
of results. For the assurance of accurate final data, it is
necessary to build in a set of controls designed to prevent
or detect erroneous deviations. Without such a system, the
procedure is reduced to a hit or miss situation wherein the
final results may, or may not, estimate the actual pesticide
content of the sample. Many papers have been written
about analytical quality control in pesticide residue
laboratories and about check-sample programs designed
to provide quality assurance. Among these, the following
references are most pertinent: Cochrane and Whitney
(1979); Carl (1979); Kateman and Pijpers (1981);
Thompson and Mann (1975); Burke and Corneliussen
(1975); Joint FAO/WHO Food and Animal Feed
Contamination Monitoring Programme (1981); and
Snelson (1983).

Reliability in analysis of insecticide residues on stored
products is required for a number of reasons, including
quality control, reliable comparison of data obtained by
different workers and good agricultural practice. In order
to draw attention to the deficiencies in analytical practice
and, hopefully, to eliminate some of the defects, a number
of collaborative studies were carried out and reported
(Snelson 1974; Snelson and Desmarchelier 1975; Des-
marchelier ef al. 1977b; Desmarchelier 1980b). These
studies brought to light the fact that official government
analysts with considerable experience, working in well-
equipped laboratories and exercising above-average care,
submitted results on identical samples which often varied
by more than 100% between the lowest and highest
values. The magnitude of such variations was reduced
considerably when the extraction procedure was standar-
dised, the quality of the reference standard was perfected
and variations in equipment and reactions were eliminated
as far as possible.

It is hoped that these comments which really do not do
Jjustice to the many complex issues surrounding residue
analysis of grains and milled cereal products will at least
alert readers to the need for care in conducting residue
analysis and in evaluating analytical data.



6. Bioresmethrin

Bioresmethrin (5-benzyl-3-furfurylmethyl (+)—trans-
chrysanthemate) is the (+)— trans isomer of the racemic
(+)—cis, trans-mixture known as resmethrin (NRDC
104). It was one of the first successful synthetic
pyrethroids developed by Elliott and co-workers (1967a,
b, 1969a, b) at Rothampsted in the United Kingdom. It is
one of the most potent broad spectrum insecticides
currently available.

Bioresmethrin has a good knock-down performance
against insects, particularly when compared with the
organochlorine or organophosphorus insecticides.

Bioresmethrin, at low concentrations, is an effective
killing agent against most insect pests affecting house-
holds, industrial premises and food storage. The principal
uses to which bioresmethrin is currently being put are:

(a) in household aerosols and sprays formulated in

combination with pyrethrum, bioallethrin,
tetramethrin and piperonyl butoxide;

(b) as an insecticide for the control of pests in food

premises;

(c) in grain disinfestation and protection.

Bioresmethrin has been tested in conjunction with a
number of well-established synergists. Unlike natural
pyrethrum, there is only a minimal increase in perform-
ance against flies, mosquitoes and cockroaches when
piperonyl butoxide is added to bioresmethrin. However,
in the case of a number of the more important insect pests
of stored products, bioresmethrin is synergised to a
significant extent with piperonyl butoxide, the factor of
synergism ranging from 2 to 9 fold.

Bioresmethrin has an exceptionally high potency
against some insect species, particularly Rhyzopertha
dominica and it has proved useful when applied at the rate
of 1 mg/kg in conjunction with selected organophos-
phorus insecticides, enabling the amount of organophos-
phorus insecticide to be reduced considerably without loss
of effectiveness. Bioresmethrin is almost completely
removed from grain in milling and processing and any
residues which carry over into flour or milled cereals are
destroyed in cooking or malting.

The effective performance of bioresmethrin and its
novelty, being the first synthetic pyrethroid with proper-
ties comparable to natural pyrethrins, has stimulated
independent scientists and government research workers
to study the chemistry, metabolism, biological effects and
fate of bioresmethrin. Much of this information is
available in published literature. Because the (+)—cis
isomer of bioresmethrin is acutely somewhat more toxic
than bioresmethrin, there was interest in whether this
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isomer could be a significant component of technical
bioresmethrin. In the manufacturing process the optical
isomers of chrysanthemic acid are separated by
procedures which include crystallisation and it is under-
stood that substantially all of the (+)—cis isomer is
removed before the esterification reaction (FAQ/WHO
1975, 1976).

6.1 Usefulness

Numerous authors have reported studies of the effect
and usefulness of bioresmethrin for the control of stored-
product pests and as a grain protectant (Ardley 1973,
1976; Ardley and Desmarchelier 1975, 1978; Bengston
1979; Bengston et al. 1975, 1978; Bengston and
Desmarchelier 1979; Bitran et al. 1980b; Carter et al.
1975; Chawla and Bindra 1976; Desmarchelier 1977b,
1978b; Desmarchelier et al. 1981a, 1981b; L’Hoste et
al. 1969; Lloyd 1973; Wilkin 1975a).

The development of organophosphorus- and fumigant-
resistant strains of many stored-product pests (Champ
and Dyte 1976; Champ 1976, 1977) in most countries
and in all continents points to the urgency of having
available acceptable insecticides which have different
properties and modes of action. Supplies of natural
pyrethrum are not adequate to meet the increasing
demands.

In Australia, the occurrence of malathion-resistant
strains of Rhyzopertha dominica, after 12 years of
extensive and intensive use of malathion, presented a
severe threat to the grain export industry. Malathion was
never entirely satisfactory for the control of this species,
which shows a degree of tolerance to all organophos-
phorus insecticides that could possibly be used for the
protection of stored grains. The outstanding efficiency of
bioresmethrin in controlling this species is therefore
important. Bengston ef al. (1975) showed clearly that the
high potency of bioresmethrin against Rhyzopertha
dominica makes it an ideal insecticide to complement
such organophosphorus grain protectants as malathion,
fenitrothion, pirimiphos-methyl and chlorpyrifos-methyl.

Lloyd and Field (1969) reported results of tests with
bioresmethrin and resmethrin on a number of stored-
product pests when applied topically dissolved in cyclo-
hexanone containing 0.5% butylated hydroxy-toluene.
Against Sitophilus granarius, bioresmethrin was 3.6
times as toxic as pyrethrins. When synergised with
piperonyl butoxide using an insecticide:synergist ratio of
1:10, a factor of synergism of X 5.8 was obtained which
was increased to X 13.4 when the ratio was increased to



1:100. Against Tribolium castaneum, which proved to be
less susceptible, bioresmethrin was found to be 1.9 times
as toxic as pyrethrins. With this species a synergism factor
of X 1.5 was obtained with piperonyl butoxide used in the
ratio of 1:10.

Lloyd (1973) published an extensive account of the
work in which the toxicity of pyrethrins was compared
with that of 5 synthetic pyrethroids, including bioresmeth-
rin, to Tribolium castaneum and susceptible and pyreth-
rum-resistant Sitophilus granarius. Bioresmethrin was by
far the most toxic compound and depending upon the
strain tested, bioresmethrin was up to 16 times more toxic
than pyrethrins. The potency of bioresmethrin was
synergised by the addition of piperonyl butoxide.

Wilkin and Hope (1973), who recorded the results of
the evaluation of more than 20 pesticides against stored-
product mites, found bioresmethrin moderately effective
against Acarus siro and Glycyphagus destructor but when
the concentration was doubled the otherwise mediocre
effect against Tyrophagus putrescentiae became entirely
satisfactory.

Ardley (1976) compared bioresmethrin with the stan-
dard malathion (12 mg/kg) treatment over 2 seasons in
silo trials and found that the best treatment on an
efficiency basis was 4 mg/kg bioresmethrin plus 20 mg/
kg piperonyl butoxide. After 12 months, the grain treated
with bioresmethrin and piperonyl butoxide controlled all
species and strains exposed in bioassay. No comment was
offered about the comparative cost. It was later found that
the bioresmethrin treatment was more than 20 times more

costly.
The Queensland Department of Primary Industries

(1975) reported that insecticides being tested against
malathion-resistant strains had proved effective against all
species except Rhyzopertha dominica. Against this
species bioresmethrin appeared necessary. It was effective
at rates as low as 1 mg/kg when added to grain.

Ardley and Desmarchelier (1975) reported that for
protection of grain in long-term storage the most cost-
effective treatment was 4 mg/kg bioresmethrin plus 20
mg/kg piperonyl butoxide. After 12 months storage the
treated grain controlled Rhyzopertha dominica, Sitophilus
granarius, Sitophilus oryzae, Oryzaephilus surinamensis,
Plodia interpunctella and Ephestia cautella. A much
lower efficiency was observed in the control of Tribolium
spp- and in this regard bioresmethrin parallels the
documented insecticidal efficiency of pyrethrins.

Wilkin (1975a) reported that bioresmethrin plus
piperonyl butoxide will control mites, including lindane-
resistant strains, in the fabric of buildings and in stored
grain.

Carter et al. (1975) published comparative observa-
tions on the activity of 6 pyrethroids against stored-
product beetles. They concluded that synergised biores-
methrin was the most suitable pyrethroid for controlling
stored-product beetles, except Lasioderma serricorne and
Stegobium paniceum, and was of value against organo-
phosphorus-resistant strains.
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Bengston et al. (1975a), reporting extensive field trials
to compare a range of grain protectant insecticides,
showed that none of the 5 organophosphorus insecticides
evaluated was adequate to control Rhyzopertha dominica,
which lived and reproduced in all samples including those
drawn immediately after insecticide application.

Bengston et al. (1978a, 1980a, 1983a, b) demon-
strated, in commercial trials, the outstanding performance
of several organophosphorus grain protectants when
combined with bioresmethrin. Complete protection was
obtained against all strains of all species of stored-product
pests and reproduction was completely inhibited for many
months.

Desmarchelier (1977b) showed that combinations of
pyrethroids, which are particularly effective against
Rhyzopertha dominica, and organophosphorus insec-
ticides which are effective against Tribolium castaneum,
controlled both species as long as the pyrethroid alone
controlled Rhyzopertha dominica and the organophos-
phorus compound alone controlled Tribolium castaneum.
Bioresmethrin was one of the pyrethroids used in
constructing these experiments.

Ardley and Desmarchelier (1978) were able to show,
by field trials, that a combination of synergised biores-
methrin and fenitrothion was completely effective against
all the major pest species particularly those against which
either insecticide alone was inadequately effective. From
their results these authors suggested that there appeared a
degree of potentiation and/or synergism in such combina-
tions.

Amos ef al. (1979) and Minett et al. (1981), who had
developed a gravity-feed technique for applying insec-
ticide non-uniformly to grain, carried out an extensive
trial to determine whether the technique would be
commercially acceptable. An insecticide mixture of
fenitrothion, bioresmethrin and piperonyl butoxide was
applied to wheat so as to deposit 1 mg/kg of bioresmethrin
and 10 mgkg of piperonyl butoxide. The rate of
application was adjusted automatically to allow for the
variations in the rate of flow of wheat on the conveyor
belt. Wheat samples for biological and chemical assay
were taken from the bulk silos into which the grain was
conveyed. Samples were taken immediately after treat-
ment and approximately 6 months later. From the result
of the assays the authors were able to predict that
treatment would be fully effective against Rhyzopertha
dominica for at least 6 months. The method of application
offered many practical advantages.

Bengston (1979) reported that testing of synthetic
pyrethroids available in the early 1970s established that
bioresmethrin was clearly more potent than bioallethrin
and tetramethrin. Bioresmethrin is decomposed by light
but this has not been a problem in practice. In treated
grain, it has a synergism factor of X2 with piperonyl
butoxide at 10 mg/kg against Rhyzopertha dominica.
Synergised bioresmethrin at 1 mg/kg provides effective
protection against Rhyzopertha dominica for 9 months.



Bengston and Desmarchelier (1979) summarised the
extensive laboratory and field trials that led to the
introduction of the combination, fenitrothion plus biores-
methrin, as a grain protectant to control malathion-
resistant insects in Australia.

Bengston et al. (1978b) showed that a combination of
bioresmethrin and fenitrothion was outstandingly effec-
tive for the contol of malathion-resistant insects in stored
sorghum.

Bengston et al. (1983a, b) reported the results of
extensive field-scale trials in many parts of Australia
using 3 of the most promising organophosphorus grain
protectant insecticides with and without bioresmethrin
synergised with piperonyl butoxide. The value of the
bioresmethrin was clearly demonstrated by outstanding
control of all stored-product pests including Rhyzopertha
dominica. The value of the piperonyl butoxide synergist
was confirmed by evidence that it potentiated the
effectiveness of bioresmethrin by a factor of more than 2.

Desmarchelier et al. (1981b and in press) reported
extensive pilot trials of grain protectants comprising
combinations of bioresmethrin with a range of organo-
phosphorus compounds. These combinations, under a
wide variety of conditions, proved to be entirely satisfac-
tory for commercial requirements.

Bitran ef al. (1980b) evaluated the residual persistence
of deltamethrin and bioresmethrin for the protection of
maize and coffee during storage. Deltamethrin alone or
synergised with piperonyl butoxide (1:4) and bioresmeth-
rin synergised with piperonyl butoxide (1:4) were tested in
Brazil for their effectiveness in protecting stored maize
from attack by Sitophilus zeamais and stored coffee from
attack by Araecerus fasciculatus. With maize, deltameth-
rin, alone or synergised, and synergised bioresmethrin
were tested at 0.5 and 1 mg/kg; with coffee, deltamethrin
alone at 1 and 2 mg/kg and synergised bioresmethrin at 4
mg/kg were used. Malathion at 8 mg/kg was used as a
standard. The best results were obtained with deltameth-
rin, which at 1 mg/kg afforded excellent control of
Sitophilus zeamais for at least 270 days and at 2 mg/kg
gave excellent control of Araecerus fasciculatus for the
same period. The addition of the synergist did not
improve its effectiveness. Malathion gave good control of
Sitophilus for 180 days and was superior to bioresmethrin.
Neither malathion nor synergised bioresmethrin afforded
satisfactory control of Araecerus.

Bengston et al. (1983a) reported duplicate experiments
carried out on bulk sorghum stored.in Queensland.
Bioassays of treated grain, conducted during 6 months
storage, established that fenitrothion at 12 mg/kg plus
bioresmethrin at 1 mg/kg controlled typical malathion-
resistant strains of Sitophilus oryzae, Rhyzopertha domin-
ica, Tribolium castaneum and Ephestia cautella.

Desmarchelier (1983) demonstrated that the insec-
ticidal efficiency of bioresmethrin was distinctly greater at
25°C than at 35°C.

Desmarchelier et al. (1986) reported the results of
extensive field trials with methacrifos and the protectant

combinations chlorpyrifos-methyl plus bioresmethrin,
fenitrothion plus phenothrin and pirimiphos-methyl plus
carbaryl. Each of these insecticides was applied to grain
that was stored at 15 sites throughout Australia. Samples
from 12 storages were taken for laboratory assays against
Rhyzopertha dominica and Tribolium castaneum. In
laboratory bioassay, the order of effectiveness against
Tribolium castaneum was methacrifos superior to chlor-
pyrifos-methyl plus bioresmethrin, superior to fenitroth-
ion plus phenothrin equal to pirimiphos-methyl plus
carbaryl. The order of effectiveness against Rhyzopertha
dominica was pirimiphos-methyl plus carbaryl equal to
fenitrothion plus phenothrin greater than chlorpyrifos-
methyl plus bioresmethrin equal to methacrifos.

6.2 Degradation

Rowlands (1975) reported that bioresmethrin appeared
to be relatively stable under normal storage conditions,
certainly more so than most other pyrethroids then
available. Preliminary investigations indicated that biores-
methrin is, in fact, reasonably stable on stored wheat with
15% moisture but somewhat more susceptible to break-
down on freshly harvested wheat in which the ripening
systems and microflora are perhaps still active. Initial
breakdown was at the rate of about 30% per week for the
first 1 to 10 days, thereafter levelling out. Interestingly, it
seems that piperonyl butoxide may slow down this initial
decline, if jointly applied.

Extensive commercial scale trials were carried out in
Australia during 1976 at 20 sites involving 42 silos each
containing from 2000-8000 tonnes of wheat. Bioresmeth-
rin was combined with either fenitrothion or pirimiphos-
methyl and the fate of the insecticide deposit was studied
by bioassay and chemical analysis (Desmarchelier et al.
1986; FAO/WHO 1976¢). The data confirmed con-
clusions reached in previous laboratory scale studies, that
the half-life of bioresmethrin in low-moisture stored grain
is directly dependent on temperature. At 30-35°C the
half-life in wheat of 11% moisture content is about 20
weeks while at 20°C it exceeds 26 weeks. This degree of
stability is greater than that shown by malathion under
similar conditions (Desmarchelier 1977b; Desmar-
chelier and Bengston 1979b).

Desmarchelier (1978a) developed a mathematical
model to serve as a means of predicting the fate of grain-
protectant insecticide residues on grain of known tem-
perature and moisture content. Desmarchelier and Beng-
ston (1979a, 1979b) showed how these mathematical
models had been used to reduce the application rates of
bioresmethrin and certain other grain-protectant insec-
ticides in trials and commercial usage in Australia. Their
calculations showed that at 30°C and 50% relative
humidity, the half life of bioresmethrin was 24 weeks.
The addition of piperonyl butoxide at the rate of 20 mg/kg
to the bioresmethrin (1 mg/kg) increased the half-life at
30°C to 38 weeks. These predictions were tested by
further studies (Desmarchelier 1980).




During the first season of commercial use some
disappointing results were obtained. Failure to afford full
protection of stored grain under commercial conditions
was suspected to be due to decomposition brought about
by physical, chemical and biological factors. Desmar-
chelier (1978b), reporting the results of an extensive field
survey into the cause of failure to protect grain, showed
that the failure was entirely due to human error and
mechanical failure leading to inadequate and inefficient
distribution of the bioresmethrin throughout the bulk of
grain. In no instance was it due to decomposition of
bioresmethrin in the spray vat or of the residue on the
grain. Correction of the causes of the mechanical failure
have resulted in excellent performance from 1978 to the
present.

Desmarchelier and Bengston (1979b) described how
it is possible to predict the fate of residues of grain
protectants from simple models. Loss of protectants in
bulk grain depends entirely on grain equilibrium relative
humidity, grain temperature and time of storage. They
summarised these models for 12 protectants, including
bioresmethrin, and showed how they had verified these
predictions in commercial-scale applications. Desmar-
chelier et al. (1980a) determined the levels of biores-
methrin residues together with those of 5 other insec-
ticides on unhusked rice, husked rice, polished rice and
barley over a storage period of 6 months. The observed
levels were close to levels predicted from the use of the
above model which relates rate of loss of residue levels to
a rate constant and only 2 variables, temperature and
equilibrium relative humidity.

Desmarchelier ef al. (1980a) also compared predicted
and observed residues of bioresmethrin on rice and barley
during and after storage. Unhusked rice, husked rice,
polished rice and barley were studied under identical
laboratory conditions. Loss of bioresmethrin during
storage was compared with losses predicted from quan-
titative models (Desmarchelier 1980). The observed
levels were close to levels predicted from the model. The
difference between the predicted and observed value on
the 3 grades of rice was less than 5% but on barley the
observed value was about 16% lower than predicted. This
may be due to errors in sampling and analysis and the
relatively low concentration of the deposit.

Bengston et al. (1980a) showed that field trials carried
out on bulk wheat in commercial silos in Queensland,
South Australia and Western Australia had demonstrated
that bioresmethrin, applied at the rate of 1 mg/kg had
declined to 0.4 mg/kg after 30 weeks by which time the
initial temperature of 30-35°C had declined to 25-30°C.

Minett et al. (1981) reported a trial in which gravity-
feed application of insecticide concentrate to wheat in a
commercial silo was compared with the conventional
application of a diluted emulsion applied at the rate of 1
litre per tonne. They applied bioresmethrin by both
methods at the rate of 1 mg/kg. Chemical analysis
revealed that both techniques applied substantially the
same deposit initially and that after storage at 30-35°C for
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6 months both lots of wheat contained levels of residue.
The loss over this period was approximately 50%.

Desmarchelier et al. (1981b) provided the results of
extensive pilot usage of grain protectant combinations
containing bioresmethrin at 42 commercial storages
throughout Australia in 1976. The amount of wheat in
each storage ranged from 250 to 2500 tonnes and the
moisture content from 9.5 to 11.5%. The temperature of
the grain was recorded each month throughout the trial.
Four of the 42 storages were aerated and in these the
temperature eventually declined to within the range of 8—
15°C. The temperature of the unaerated grain at the
beginning of the trial was within the range of 30-35°C and
after 8-9 months ranged from 20-30°C. The concentra-
tion of the bioresmethrin residues declined over 9 months
from 1 mg/kg (0.8-1.1) to 0.35 mg/kg (0.25-0.45). The
predictive model for bioresmethrin (Desmarchelier and
Bengston 1979b) and the measured temperatures and
moisture contents of grain were used to calculate, from
the amount of residue measured in the first sample, the
expected residue level at each site. The amount of
bioresmethrin residue found by analysis agreed within
10% of the predicted residue level.

Desmarchelier et al. (1986) reported the results of
pilot usage of grain protectant combinations in 63 storages
throughout the 5 mainland States of Australia. Biores-
methrin was combined with chlorpyrifos-methyl in 15 of
these storages. It was applied at the rate of 1 mg/kg and at
the end of 6-9 months the average concentration of
bioresmethrin in the 15 storages was 0.35 mg/kg. It was
predicted from the work of Desmarchelier and Bengston
(1979b) that the concentration of bioresmethrin after 6
months should have been 0.4 mg/kg and at the end of 9
months 0.3 mg/kg. The level of aged residue required to
control Rhyzopertha dominica was found by bioassay to
be 0.5 mg/kg. The concentration of bioresmethrin re-
sidues originally applied at the rate of 1 mg/kg fell
steadily over the course of the trial so that at the end of
24 weeks the average was 0.55 mg/kg. The bioresmethrin
used did not contain piperonyl butoxide.

6.3 Fate in Milling, Processing and Cooking

Ardley (1975) reported trials in which wheat treated
with bioresmethrin at varying rates, with and without
piperonyl butoxide, was subjected to standard milling and
baking tests. The milling fractions and the bread were
analysed. Residues of bioresmethrin and piperonyl butox-
ide in milling fractions and bread are summarised in
Table 6.1.

Desmarchelier (1975a) took wheat which had been
treated 6 weeks and 7 months previously and subjected it
to standard milling procedures for the preparation of
wholemeal and white flour. The following results (Table
6.2) indicate the distribution and fate of the bioresmeth-
rin.

Studies to determine the fate of bioresmethrin following
the processing of barley, oats, rice and wheat indicate



Table 6.1. Residues of bioresmethrin and piperonyl butoxide in milling fractions and bread (Ardley 1975)

Recovered residue (i) and bioresmethrin (ii) piperonyl
butoxide (ppm)

Protectant! (1) (ii)

treatment bran pollard flour bread bran pollard flour bread
a 0.3 4.0 4.0 nil 21.0 10.0 2.0 2.0
b 0.3 1.0 1.4 nil 0.5 0.3 nil nil

c 0.5 1.0 0.5 nil 11.0 8.0 10.0 nil

d 1.1 1.2 0.5 nil 2.0 2.0 2.0 nil

e nil nil nil nil nil nil nil nil

1 a = 4 mg/kg bioresmethrin + 20 mg/kg piperony! butoxide

a
b 2 mg/kg bioresmethrin alone

¢ = 4 mg/kg bioresmethrin + 10 mg/kg piperonyl butoxide + 4 mg/kg anti-oxidant

d = 2 mg/kg bioresmethrin + 2 mg/kg piperonyl butoxide + 10 mg/kg anti-oxidant + 4 mg/kg fenitrothion.

(FAO/WHO 1976¢) that though the bulk of the biores-
methrin is removed by the processing and cooking the
deposit is sufficiently stable to withstand this treatment to
some degree. Thus a significant proportion of the original
B quantity applied is found in the processed and cooked

Table 6.2. Distribution of bioresmethrin in milling frac-
tions and bread (Desmarchelier 1975a)

Sample A plied | _
cereals as is indicated in Table 6.3.
Interval since treated 6 weeks 7 months It should be recognised that the original rate of
Residue in wheat 2.9 mg/kg 1.9 mgkg application, 7 mg/kg,.is greatly i-n excess of that normally
bran 5.2 mgkg 1.7 mg/kg ysed in‘practlce. If bioresmethrin were L}sed as the only
pollard (shorts) 0.7 mg/kg — insecticide the maximum rate of application would be of
white flour * * the order of 4 mg/kg. When used in combination with an
wholemeal bread 1.0 mg/kg 0.6 mglkg approved organophosphorus insecticide, bioresmethrin
white bread ND ND would be used in conjunction with piperonyl butoxide at

the rate of 1 mg/kg.
Murray and Snelson (1978) carried out a study to

*Interference led to poor recoveries during assay of flour. ~ determine the fate of fenitrothion and bioresmethrin
residues in milled products from wheat processed through

limit of determination = 0.05 mg/kg

Table 6.3. Fate of bioresmethrin in various grains processed after storage at 25°C (FAO/WHO 1976¢)

Residue Residue
Storage after after

period storage processing

Grain (months) (mg/kg)* Processing (mg/kg)*
Barley 3 3.5 primitive malting 1.5
Barley 6 1.75 commercial malting 0.35
Oats 3 3.5 boil 15 minutes 1.5
Rice in husk 6 1.5 husked 0.25
milled/polished 0.1
Husked rice 3 3.5 boiled 15 minutes 2.5
boiled 25 minutes 0.5
Polished rice 3 3.5 boiled 15 minutes 2.0
Wheat 3 3.5 bran 5.5
shorts 3.5
flour 2.5
white bread <0.1
wholemeal bread 1.0

*QOriginal rate of application = 7.0 mg/kg.
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a commercial flour mill. They found that substantially all
of the residue was contained in the bran and pollard
fractions but that commercial flour will contain approx-
imately 0.1 mg/kg. There was a significant accumulation
of the residue in bran and germ. Their detailed results are
given in Table 6.4.

Table 6.4. Residues of bioresmethrin (mg/kg) in wheat
milling fractions* (Murray and Snelson

1978)
Sample Description Bioresmethrin
number (mg/kg)
1 Wheat when received into mull 0.7
2 Wheat at first break roll before 0.6
it enters the rolls
3 Crushed wheat at first break roll 0.6
after it drops from the rolls
4 Flour sieved from the sifter fed <0.05
from first break roll (clean
stream)
5 Flour sieved from the sifter fed 0.1
from last break roll (dirty stream)
6 Flour sieved from the sifter fed <0.05
by the first reduction roll (clean
stream)
7 Flour sieved from the sifter fed <0.05
from the last reduction roll (dirty
stream)
8 Flour from all streams being 0.1
fed into bulk flour bins or into
packers
9 Pollard from all streams before 0.7
it is mixed with bran
10 Bran from all streams before it 1.0
is mixed with the pollard
11 Wheat germ 2.0

* Wheat treated at harvest with bioresmethrin (1 mg/kg)
synergised with piperonyl butoxide (10 mg/kg) and
subjected to milling through a commercial flour mill 3
months later.

Tempone (1979) studied the effect of various insec-
ticides, including bioresmethrin, on barley malting. In the
process, he studied the effect of malting on the level of the
insecticide deposit on the malting barley. In one trial,
bioresmethrin was applied at 4 and 8 mg/kg and in
another at the approved commercial rate of 1 mg/kg, in
conjunction with fenitrothion, pirimiphos-methyl and
chlorpyrifos-methyl. No adverse effects upon the malting
process, yield or malt quality were found. No residues of
bioresmethrin were detected in any samples of malt
analysed by a method with a limit of determination of
0.1 mg/kg.

Desmarchelier et al. (1980a) studied the fate of
bioresmethrin on barley during and after storage and

determined the effect of the malting process on the
residue. To simplify the analytical work, the bioresmeth-
rin was applied at the rate of 7 mg/kg. This deposit had
declined to the level of 2.5 mg/kg after 6 months storage
at 25°C and a relative humidity of 65%. After subsequent
malting, the bioresmethrin residue was found to be
0.25 mg/kg representing a loss of 90% in the malting
process.

In the same studies, Desmarchelier et al. (1980a)
determined the effect of cooking husked rice and polished
rice containing aged bioresmethrin residues. They showed
that 50% of the residues on husked rice were destroyed by
cooking. In the case of polished rice, the loss in cooking
was 78%. Rice in husk was milled to produce husked rice
and polished rice. Removal of the husk also removed 93%
of the insecticide. A further 4% was removed by the
polishing process. When the milled rice was subsequently
cooked, about 80% of the remaining residue was des-
troyed. Thus, rice in husk treated with bioresmethrin at
the rate of 7 mg/kg produced cooked, polished rice with
less than 0.05 mg/kg of bioresmethrin.

Since all of these studies were carried out at highly
exaggerated levels, it is clear that no significant residues
of bioresmethrin will occur in foods at the point of
consumption when bioresmethrin is used in combination
with other insecticides for protecting grain against stored-
product pests.

6.4 Metabolism

Extensive studies of the metabolism of bioresmethrin in
animals have been carried out by many authors including
the following: Abernathy and Casida (1973); Aber-
nathy et al. (1973); Farebrother (1973); Foote et al.
(1967); Jao and Casida (1974); Miyamoto (1975);
Miyamoto et al. (1971, 1974); Suzuki and Miyamoto
(1974); Ueda et al. (1975a, b); Weeks et al. (1972). The
fate of bioresmethrin on plants and under the influence of
sunlight has been studied by Rosen (1972).

All this information has been reviewed by the Joint
FAO/WHO Meeting of Experts on Pesticide Residues
(FAO/WHO 1976¢, 1977b). The metabolic pathways
proposed by Ueda ef al. (1975a, b) are illustrated in
Figure 6.1.

Most metabolism studies have been carried out on
laboratory animals, mainly rats. Radioactivity
measurements and radioautographs indicated that the
compound was rapidly absorbed from the intestinal tract
and distributed into various tissues where only a negligi-
ble amount of intact bioresmethrin was found. However,
the radioactivity was excreted rather slowly and it took
3 weeks to recover all the radioactivity in the excreta
(36% in urine and 64% in feces).

Neither urine nor faeces contained intact bioresmethrin
or the ester metabolites; the predominant urinary
metabolite being 5-benzyl-3-furoic acid amounting to
approximately one-third of the radiocarbon recovered.
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Figure 6.1. Metabolic pathway of bioresmethrin in rats
(Ueda et al. 1975a,b).

Farebrother (1973), in a whole-body autoradiogra-
phical study in rats, showed that bioresmethrin (or at least
its radiolabels) was absorbed from the gut and widely
distributed in the body 2 hours after dosing. At 6 hours the
distribution was similar but the concentrations were
increased, particularly in fatty tissues. At 24 hours most
tissues showed greatly reduced activity but the concentra-
tion in fatty tissues remained high. No studies appear to
have been carried out to determine the level or nature of
the metabolites in animal fat or other tissues.

Bioresmethrin is degraded by ester cleavage and the
alcohol moiety is oxidised to 5-benzyl-3-furylmethanol
(BFA), 5-benzyl-3-furoic acid (BFCA), 4’-hydroxy
BFCA and a’-hydroxy BFCA (a-OH-BFCA). The
chrysanthemate (acid) moiety undergoes oxidation from
trans-chrysanthemic acid (+-CA) to 2,2-dimethyl 3-(2’
hydroxymethyl-1’-propenyl) cyclopropanecarboxylic acid
(tE-CHA). This is further oxidised through the formyl
derivative (CAA) to the dicarboxylic acid isomers (¢E-
CDA and cE-CDA). It is at the CAA oxidation stage
where isomerisation may occur through the proposed
aldehyde (cE-CAA) intermediate to (cE-CDA) the cis-
dicarboxylic acid (Ueda et al. 1975b). This metabolic
sequence may also account for the consideration of
Verschoyle and Barnes (1972) that, as a delay in signs of
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poisoning was evident following intravenous administra-
tion, bioresmethrin may be converted in vivo to a toxic
metabolite. The presence of (+)-trans-CA, BFA and
BFCA as metabolites, which are more toxic than biores-
methrin, may account for their observation and in-
clusions. The metabolic sequence is very similar
qualitatively to that observed with resmethrin although
much less complicated because of the lack of isomeric
products (Miyamoto et al. 1971) and because of the
specificity of certain isomers to enzymatic degradation by
selected routes as mentioned above (Ueda et al. 1975a,
1975b; Abernathy and Casida 1973).

Soderlund and Casida (1977b) studied the effects of
pyrethroid structure on rates of hydrolysis and oxidation
by mouse liver microsomal enzymes. Having examined
24 pyrethroids they concluded that primary alcohol esters
of trans-substituted cyclopropanecarboxylic acids are
more rapidly metabolised, with hydrolysis generally
serving as the major component of the total metabolism
rate.

Rowlands (1975) reported that preliminary investiga-
tions in his laboratory indicated that bioresmethrin is
reasonably stable on stored wheat at 15% moisture but
somewhat more susceptible to breakdown on freshly
harvested wheat in which the ripening systems and
microflora are perhaps still active. The only degradation
products found in detectable quantities were tentatively
identified as the free benzylfurancarboxylic acid and a
starchy conjugation product. Initial breakdown was at the
rate of about 30% per week for the first 1 to 10 days,
thereafter levelling out. Miyamoto ez al. (1971) identified
some 8 products of degradation, among which is the
aforementioned benzylfurancarboxylic acid.

Leahey (1985) reviewed the metabolism and environ-
mental degradation of resmethrin which holds true also for
bioresmethrin.

6.5 Fate in Animals

No specific information on the fate of bioresmethrin in
livestock has come to light. This is not at all surprising in
view of the limited use of bioresmethrin in situations
where animals could possibly be exposed to significant
residues.

It is clear that much of the information on other
synthetic pyrethroids would be applicable to bioresmeth-
rin. The extensive information on the metabolism of
bioresmethrin (Section 6.4) provides reassurance that
though bioresmethrin is rapidly absorbed from the intes-
tinal tract and distributed into various tissues only a
negligible amount of intact bioresmethrin is found in such
tissues.

Bioresmethrin is degraded by ester cleavage and
alcohol oxidation. This degradation occurs rapidly though
the products of degradation are apparently retained within
the animal body for some time before being excreted.

Since the concentration of bioresmethrin applied to
grain or available on milling offals seldom exceeds 5 mg/



kg, the potential for livestock receiving grain or feeds
based on milling offals to accumulate significant amounts
of bioresmethrin in their tissues is too remote to warrant
concern.

6.6 Safety to Livestock

The available acute toxicity studies in rats, mice and
chickens indicate that bioresmethrin has a very low acute
toxicity as indicated in Table 6.5

Table 6.5. Acute oral toxicity of bioresmethrin

Animal Sex mg/kg Reference
body
weight
Rat M 8 800  Glomot and Chevalier 1969
>8 000  Elliot et al. 1973
F 8000  Verschoyle and Barnes 1972
F 7071 Wallwork et al. 1970
Mouse F >10000 Wallwork et al. 1970
M 3100 Ueda et al. 1975b.
Chicken M & F >10000 Wallwork et al. 1970.

Signs of poisoning: After 2 or more hours following
oral administration, tremors occurred; animals were
sensitive to each other and aggressive. The final stages of
poisoning consisted of convulsive twitching, prostration,
coma and death normally between 3 and 24 hours.

Several short-term toxicology studies in rat and dog are
available. Bioresmethrin is not a teratogen although at
high levels it has been shown to induce some fetal
abnormalities and fetal mortality. In short-term studies at
high doses, thymic atrophy was noted over a 3-week test
period.

No studies specifically designed to establish the safety
of bioresmethrin to livestock have been located but in
view of the low concentration used in grain protection, the
feeding of treated grain to livestock or the use of milling
offals in livestock feeds does not represent a significant
hazard.

6.7 Toxicological Evaluation

Several special studies and short-term studies in a
variety of animals including rats and dogs are available.
Toxic manifestations were produced in those animals
receiving extremely high levels daily for 90 days. The
compound did not show teratogenic effects, although at
high doses of intake it has been shown to induce some
fetal abnormalities and mortalities. It is non-irritating and
does not induce sensitisation reactions. In short-term
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studies at high doses, thymic atrophy was noted over a 3-
week test period. This was accompanied by increased
liver size. Liver dysfunction and fatty infiltration of the
liver were observed in a 90-day study at doses of 1200
ppm and above. In dogs, several blood parameters were
affected by a 250 to 500 mg/kg body weight dose
administered daily over a 90-day period. No effects were
noted at 80 mg/kg body weight. No observations in man
were available for consideration.

Although short-term studies were available along with
several special studies which did not specifically raise any
unusual toxicological factors, the absence of data from
long-term studies precluded the Joint FAO/WHO Meeting
on Pesticide Residues from estimating an ADI for man. In
concurrence with previous conclusions, the meeting
expressed its need for evaluation of long-term studies in
its consideration of an ADI for man. This was especially
important in the case of bioresmethrin, owing to the fact
that this synthetic pyrethroid was the first of a chemical
class of pesticides projected for extensive use in future.
Although bioresmethrin effects have been observed only
at relatively high dose levels in short-term studies, the
potential for adverse toxicological effects in long-term
studies needs to be evaluated.

Since these decisions were taken in 1976 the necessary
lifetime studies in rats have been commissioned and will
be available for evaluation at some future date.

6.8 Maximum Residue Limits

In the absence of an acceptable ADI the Joint FAO/
WHO Meeting of Experts on Pesticide Residues has not
recommended maximum residue limits for bioresmethrin
in raw grain and milled products from grain. However, it
has recommended the following guideline levels as limits
which need not be exceeded when bioresmethrin is used
according to good agricultural practice (FAO/WHO
1977¢).

Commodity Guideline level
mg/kg

Cereal grains 5

Cereal products (milled) 5

Cereal products (cooked) 0.05*

* At or about the limit of determination

The residues are determined and expressed as biores-
methrin.

The methods recommended for the analysis of biores-
methrin residues are those of Zweig (1978) and Baker
and Bottomley (1982).



7. Bromophos

Bromophos is a non-systemic halogen-containing organo-
phosphorus insecticide used on a variety of crops and
animals to control biting and sucking insects. It is also
used to protect stored products, as a seed protection agent
for grain crops, and as a vector control agent in public
health. The lipophylic nature of the compound causes it to
penetrate the cuticular wax of certain crops which delays
release and degradation.

First data encouraging the development of bromophos
as an insecticide for the protection of stored grain were
presented by Immel and Giesthardt (1964). They
emphasised the insecticidal potential, the low mammalian
toxicity and the persistence on alkaline surfaces. During
the following years quite a body of data on the efficacy
against the main species of storage pests was accumulated
from laboratory work. In addition some of the more
specific problems of a storage pesticide were studied, e.g.
persistence on various surfaces, influence of temperature
and moisture content of the grain on performance and
resistance behaviour.

As soon as the results of some of these studies revealed
the potential of bromophos as a grain protectant, field
evaluations were initiated in order to obtain practical
recommendations for the treatment of empty storages and
for the protection of stored grain in bag stacks as well as in
bulk. Meanwhile the data needed on toxicology, metabol-
ism, residue behaviour and taint problems were generated
(Kinkel et al. 1966; Rowlands 1966a; Eichler 1972,
1974; Eichler and Knoll 1974).

Some of the early trials revealed that bromophos
produced an objectionable taint in treated grain. This was
found to be due to impurities in the technical active
ingredient which could be removed by processing. Since
that time only the purified grade of bromophos has been
available for grain treatment.

Bromophos is, in many respects, similar but superior to
malathion. It is more effective on some species but, like
malathion, weak against Rhyzopertha dominica and
moths. It is stable on concrete and therefore useful for
treating storage structures. Bromophos has proved effec-
tive in controlling some malathion-resistant species and
the potency increases at higher temperatures. Bromophos
penetrates grain rapidly; it miust be used at rates in the
region of 10-20 mg/kg. It has a moderate rate of
degradation on stored grain and though a relatively high
proportion of the deposit transfers to the flour, 85-90% is
destroyed in baking. Trials have demonstrated that
bromophos is destroyed in the simple processes for
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preparing and cooking cereal-based foods under tribal
conditions in developing countries.

7.1 Usefulness

The original manufacturers of bromophos, C.H. Boe-
hringer Sohn of West Germany, published results of
laboratory studies, which showed that the application of
bromophos to grain at the rate of 10 mg/kg was effective
in controlling granary weevil, Sitophilus granarius.
However, field studies showed that a somewhat higher
rate in the range of 10-20 mg/kg, was necessary to cope
with insect control in practice (Boehringer 1965).

Lemon (1966) made tests by applying bromophos
topically to Tribolium spp. He reported it to be slightly
less effective than malathion against both Tribolium
castaneum and T. confusum. Lemon (1967a) showed
bromophos superior to malathion but inferior to fenitroth-
ion when applied to wheat of 12% moisture content.
Bromophos was extremely persistent on concrete,
whereas malathion broke down rapidly.

Tyler et al. (1967), after laboratory tests in which
bromophos proved to be more persistent than malathion
on moist grain, conducted a practical trial to assess the
value of this insecticide as a grain protectant. Two lots,
each 14 tonnes, of wheat of 15% moisture content and
heavily infested by Oryzaephilus surinamensis, were
sprayed with bromophos at the rate of 8 and 16 mg/kg
respectively during tumning into empty bins. All larvae
and pupae were killed within 24 hours but the bromophos
was too slow in action to prevent large numbers of adults
moving to the surface of the grain where they congregated
in the corners of the bins and survived for 1-2 weeks.
Others left the bins and infested cracks and crevices where
living insects persisted for the entire observation period of
5 months. After 19 weeks storage on the farm the bins
ceased to be available for experimental work but bulk
samples of each batch of grain were retained until 1 year
after treatment. It was thought that a low temperature at
the time of treatment was probably responsible for the
slow rate of action of the bromophos against adult
Oryzaephilus surinamensis. The air and grain surface
temperature was about 12°C and laboratory experiments
showed that 50% mortality of adult Oryzaephilus surin-
amensis exposed on grain freshly treated with bromophos
at 8 mg/kg occured after 6.5 hours at 25°C and after 32
hours at 10°C.

Kane et al. (1967) carried out laboratory experiments
to test bromophos as a long-term protectant. Clean,
bagged wheat and barley grain, 4-5 months old, was



fumigated to ensure freedom from living insects and then
treated with aqueous emulsions of bromophos at concen-
trations graded to give doses of 8, 16 and 24 mg/kg active
ingredient. Six 50 kg lots of wheat and barley were treated
at each dosage rate; a similar number of untreated bags
served as controls. They were stored on dunnage at 25°C
and about 60% r.h. under conditions of heavy cross-
infestation by Oryzaephilus surinamensis and Sitophilus
granarius. At 2, 6 and 9 months after treatment, 2 bags of
wheat and 2 of barley from each dosage rate were
withdrawn and sieved. The numbers of live insects in the
treated grain were compared with those in the control
bags. At 2 months both species were breeding in the
control grain but the only live insects found in the treated
material were a small number of adult Sitophilus gran-
arius. By 6 months, however, there was some breeding by
both species of insects in all grain. A large measure of
control of Oryzaephilus surinamensis was achieved at all
dosage rates but the bromophos was less effective against
Sitophilus granarius.

Joubert and de Beer (1968b) tested bromophos by
direct application to maize at 2 dosage levels (5 and
10 mg/kg) in comparison with pyrethrum and malathion.
The bromophos treatments survived a 50 week bulk
storage period without an appreciable infestation or
increase in damage to the internal structure of the com
grains.

Iordanou and Watters (1969) tested the effect of
temperature on the toxicity of bromophos against 5
species of stored-product insects by impregnating filter
papers to which the beetles were exposed for 24 hours, the
mortality being assessed 72 hours after the beetles were
returned to flour at the same temperature. Bromophos was
30 times more potent at 26.7°C than it was at 10°C against
Tribolium castaneum, Tribolium confusum and Oryzae-
philus surinamensis. Tribolium confusum was the most
tolerant species and Cryptolestes ferrugineus was the most
susceptible. Bromophos was considerably more suscepti-
ble to variations in temperature than either malathion or
lindane. This temperature effect may account for varia-
tions in performance reported by other workers.

Dyte and Rowlands (1970) studied the effects of some
insecticide synergists on the potency and metabolism of
bromophos in Tribolium castaneum. They found that
sesamex and SKF525A antagonised bromophos in its
action against this species.

Green et al. (1970) applied bromophos at the rate of 8,
16 or 24 mg/kg to clean, bagged wheat and barley, of 14
and 13% moisture content respectively, which was
exposed to heavy infestations of Oryzaephilus surinamen-
sis and Sitophilus granarius and at 9 or 20 mg/kg to
infested wheat of 15% moisture content stored in bulk on
a farm. The treatments conferred some protection on the
bagged grain and killed the insects in the farm grain.
Bromophos acted slowly, however, so that both species
oviposited on the bagged grain and larvae were present
after 24 weeks even at 24 mg/kg. On the farm wheat, the
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treatments failed to immobilise the insects quickly and
some escaped and survived; those remaining in the wheat
were all killed at both dosage rates. Biological and
chemical assays showed that bromophos residues broke
down more quickly on infested, bagged wheat and barley
stored at 25°C than on cooled wheat stored during winter
on the farm. However, complete mortality was obtained
of O. surinamensis and S. granarius exposed for 3 days
on samples from bagged wheat and barley treated at
24 mg/kg and stored at 25°C for 24 weeks. Farm grain
treated at 9 mg/kg was similarly effective against O.
surinamensis for about a year.

The same authors examined the effectiveness of
bromophos and malathion applied at 10 and 20 mg/kg to
warm, moist grain in the laboratory against O. surinamen-
sis. Applied to wheat of 18.5% moisture content, stored at
30°C, bromophos lost effectiveness after about 6 weeks
and malathion after about 2 weeks. The higher dosage rate
did not give longer protection with either compound.

Chawla and Bindra (1971) compared bromophos with
malathion, iodofenphos and pirimiphos-methyl by ap-
plication to low moisture wheat at the rate of 30 mg/kg
and 50 mg/kg. When the wheat was stored in bags under
normal storage conditions, pirimiphos-methyl was the
most effective compound. The effect of bromophos
appeared to dissipate at a rate comparable to that of
malathion.

Coulon ef al. (1972), comparing the activity of
bromophos against 3 other insecticides for the control of
Sitophilus granarius, found it to be distinctly inferior to
pirimiphos-methyl.

Pieterse and Schulten (1972) compared 17 strains of
Tribolium castaneum collected from warehouses and
stores throughout Malawi for possible resistance to
malathion. Eleven of the 17 strains were found to be
resistant to malathion and also showed cross-resistance to
bromophos. However, Verma and Ram (1974), working
in India with malathion-resistant Tribolium castaneum,
showed that the development of malathion resistance did
not result in any serious cross-resistance to bromophos in
this species.

Wilkin and Hope (1973) studied the effectiveness of
bromophos against 3 stored-product mites. Bromophos
was not particularly effective against mites, producing
only 50% mortality in Acarus siro in 14 days.

McCallum-Deighton (1974) reported that pirimphos-
methyl was effective against susceptible and malathion-
resistant strains of insects at dosage levels below those
required for bromophos and a number of other insec-
ticides.

Chawla and Bindra (1973) and Bindra (1974) tested 9
insecticides, including bromophos, for effectiveness
against adults of Rhyzopertha dominica, Sitophilus oryzae
and larvae of Trogoderma granarium. Bromophos proved
promising and was further tested in a small-scale trial
lasting one year. At comparable doses, bromophos
provided protection for a shorter period than malathion.



Bansch et al. (1974) reviewed the then available
information on the biological evaluation of bromophos for
the control of storage pests. This included a considerable
number of studies reported by personnel of Celamerck,
Germany, as well as published studies. This experience
resulted in recommendations for application rates for bulk
treatment of small grains of 12 mg/kg and 8 mg/kg on
maize and beans for protection periods of at least a year.
For shorter storage periods, 6 mg/kg was recommended to
be used on all stored commodities.

In a test reported from South Africa, maize and
sorghum were sprayed with bromophos at different
concentrations on a conveyor belt or on the flowing grain
stream. It is noteworthy that the treatment prevented
significant insect development and at the same time
preserved the germination of the maize above 97%,
whereas the untreated maize showed only 41% germina-
tion — no doubt due to insect damage (South Africa
Department of Agriculture 1975).

Watters (1976b) demonstrated the effectiveness of
malathion and bromophos for the treatment of structural
surfaces of granaries. Although there was no significant
difference in the persistence of the deposits of the 2
insecticides on metal and timber surfaces, bromophos was
considerably more persistent on concrete.

Chawla and Bindra (1976) tested the relative toxicity
of 10 insecticides against 3 stored-product pests under
controlled laboratory conditions. Malathion was em-
ployed as a standard. Bromophos proved comparable with
malathion. :

Tyler and Binns (1977) evaluated 7 organophosphorus
insecticides and lindane against 18 species of stored-
product beetles. They rated bromophos inferior to chlor-
pyrifos-methyl, fenitrothion, pirimiphos-methyl, phoxim
and iodofenphos but superior to lindane and malathion.

McCallum-Deighton (1978), in reviewing insecticides
which have recently been developed as grain protectants
as replacements for malathion, ranked bromophos slightly
inferior to malathion and greatly less effective than
fenitrothion and pirimiphos-methyl. The minimum effec-
tive dose against 5 species is in the range 2-5 mg/kg but
against Rhyzopertha dominica bromophos is relatively
ineffective requiring greater than 20 mg/kg. It is outstan-
dingly effective against Cryptolestes ferrugineus.

Fall et al. (1979) described trials in traditional storage
of millet in country areas of Senegal. They described an
insecticide-treated silo that was developed in Senegal for
storing millet under farm conditions. It has 8 compart-
ments of individual capacity 1.4-5 tonnes and total
capacity of 19 tonnes. The grain is treated with liquid
formulations of bromophos initially, and again every 3

weeks.
Mensah and Watters (1979b) compared 4 organo-

phosphorus insecticides on stored wheat for control of
susceptible and malathion-resistant strains of Tribolium
castaneum. They considered bromophos a promising
alternative to malathion, though distinctly less persistent
than pirimiphos-methyl.
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Bitran et al. (1979a) evaluated the residual persistency
of 4 insecticides, including bromophos and malathion for
the protection of sorghum and coffee. When used at equal
rates, bromophos was slightly less persistent than malath-
ion and considerably less persistent than pirimiphos-
methyl and methacriphos.

Yadav ef al. (1980) carried out a laboratory study in
India to determine the toxicity of 7 organophosphorus
insecticides to 7 major stored-product pests. The lethal
concentration for the 7 species was determined and
bromophos was considered inferior to phoxim and

etrimfos.
Bansode ef al. (1981) studied the toxicity of 4

organophosphorus insecticides to a malathion-resistant
strain of Plodia interpunctella. The 227-fold resistance to
malathion was suppressed by the synergistic action of
triphenyl phosphate and the authors concluded that
carboxyesterase appears to play a major role in the
detoxification mechanism for malathion in this strain.
However, the tolerance to bromophos was only X1.3.

Tyler and Binns (1982) examined the influence of
temperature on the susceptibility to 8 organophosphorus
insecticides of susceptible and resistant strains of
Tribolium castaneum, Oryzaephilus surinamensis and
Sitophilus granarius. Based upon knock-down and Kkill,
the effectiveness of all insecticides was greater at 25°C
than at 17.5°C and was markedly lower still at 10°C. At
10°C bromophos was virtually ineffective against Sito-
philus granarius at levels 50 times greater than those
completely adequate at 25°C.

Zhang et al. (1982) tested the effect of bromophos on
the quality of stored seeds and found that an application
rate of 40 mg/kg had no significant effect on the
germination of rice, wheat, maize, sorghum and barley.
No adverse effects on germination of the seeds of wheat,
maize and sorghum were found when treated with 7500
mg/kg bromophos. There was adverse affect on the
germination of maize treated with 10 000 mg/kg of
bromophos.

Peng (1983), working in Taiwan, determined the
relative toxicity of 10 insecticides against 6 coleopterous
insect pests of stored rice. Adults of each species were
exposed to impregnated filter papers for 4 hours and
mortality was recorded after 72 hours. Bromophos was
rated as moderately effective.

Golob and Hodges (1982), Golob et al. (1983) report
efforts to control the outbreak of Prostephanus truncatus
in Tanzania. Bromophos dust was one of the materials
tested. The results were disappointing and considerably
inferior to pirimiphos-methyl. The authors questioned
whether the dust formulations contained the full concen-
tration of active ingredient.

Hasan ef al. 1983 tested bromophos, 5 other organo-
phosphorus and 2 organochlorine insecticides as dry films
in a laboratory in India where their toxicity to Sitophilus
oryzae, Tribolium castaneum, Rhyzopertha dominica and
Callosobruchus chinensis was compared. In tests of the
synergistic effects on bromophos of sublethal amounts of



the other insecticides, only 3 compounds with a structure
similar to that of bromophos (malathion, parathion-methyl
and fenitrothion) had marked synergistic effects.

Srivastava and Gopal (1984) studied the toxicity of 7
insecticides to 5 stored-grain pests in a laboratory in India.
Bromophos was not ranked among the more effective
materials.

7.2 Degradation

Soon after bromophos became available for application
to stored grain, Rowlands (1966a, 1966b) carried out a
detailed study of the fate of bromophos applied to stored-
wheat grains. It was shown that bromophos, applied to
Manitoba wheat, breaks down very rapidly over 7 days.
Degradation then stops for approximately 21 days.
Thereafter, bromophos break-down continues for 7 days,
followed by a further halt for approximately 21 days and
so on. When the quantitative production of metabolites is
related to this stepped phenomenon, it can be seen that
cessation of bromophos metabolism coincides with a high
level of desmethyl bromophos, which then degrades while
the remaining bromophos is unattacked. The level of free
dichlorobromophenol does not increase significantly until
the degradation of desmethyl bromophos is well under
way. Moreover, only trace amounts of dimethyl phos-
phorothionate were found throughout, though large
amounts of monomethyl phosphorothionate were detec-
ted. It appears, therefore, that the production of phenol is
probably from the degradation of desmethyl bromophos or
bromoxon, rather than from bromophos. Only when the
desmethyl bromophos has almost disappeared does de-
gradation of bromophos continue with subsequent re-
accumulation of desmethyl bromophos. When applied to
autoclaved grains, bromophos does not show the stepped
effect on storage and the only metabolites produced are
dimethyl phosphorothionate and dichlorobromophenol.
The stepping phenomenon is not restricted to any variety
of wheat, neither is it particularly dependent on the age or
moisture-content of the grain; an English wheat treated
with bromophos at various times up to 6 months after
harvest and at moisture contents from 10 to 22% showed
the stepping effect under all conditions.

Rowlands (1966a) found that very little oxidation of
bromophos to the more toxic bromoxon occurred, proba-
bly due to the rapid penetration of bromophos through the
pericarp, which is the main location of oxidase activity.
No bromoxon was detected after 1 month of storage and
the highest level recorded (approximately 10% of the total
residue) occurred 2 days after treatment, thereafter
steadily declining. The main metabolite accumulating
over 10-12 weeks was found to be dichlorobromophenol,
which seemed to be stored unchanged in the endosperm.

Rowlands (1966¢) showed that bromophos penetrated
to the endosperm and germ with great rapidity, whereas
malathion penetrated but slowly. Oxidase activity, cap-
able of converting phosphorothionate insecticides to their
P — O analogues, was found both in the seed coat and, to
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a certain extent, in the germ and did not seem to be
affected by the total moisture content of the grain. Much
of the oxidation during the normal life cycle of the wheat
grain is associated with the enzymic oxidation of phenols
occurring at the time of the ripening, tinting and
hardening.

After laboratory tests in which bromophos proved to be
more persistent than malathion on moist grain, Tyler et
al. (1967) conducted a practical trial to assess the value of
bromophos as a grain protectant. Two lots of wheat of
15% moisture were sprayed with 8 and 16 mg/kg
bromophos, respectively, during turning into empty bins.
Chemical analysis of samples showed that the initial
dosage rates were 9.3 and 19.9 mg/kg respectively and
that 2.9 and 7.3 mg/kg remained after 19 weeks storage
and at the end of a year after treatment 2.5 and 3.9 mg/kg
respectively. The grain temperature was about 12°C.

Kane et al. (1967) carried out an experiment in which
wheat and barley that had been fumigated to ensure
freedom from living insects was treated with bromophos
at concentrations of 8, 16 and 24 mg/kg. The treated grain
was stored at 25°C and 60% r.h. under conditions of
heavy infestation of insects. Although there was no
evidence of insects breeding in the treated grain at the end
of 2 months, by 6 months, however, there was some
breeding by both species of insects in all grain indicating
there had been substantial degradation at each of the rates
applied.

Rowlands and Clarke (1968) reported that visual
examination of wheat treated 18 months previously with
bromophos revealed that the grain was considerably less
mouldy than that treated with malathion. Assay for
bromophos showed no detectable residue of the intact
compound but considerable levels of dichlorobromo-
phenol. Since some trihalogenated phenols are fungicidal,
it is intriguing to speculate that the phenolic residues
resulting from bromophos application may act fun-
gicidally.

Joubert and de Beer (1968b) studied the fate of
bromophos applied to maize held in large bins containing
up to 800 tonnes. The moisture content of the grain ranged
from 9.7 to 12% and the temperature 28°C. The residue
level on the maize treated with bromophos at the rate of
10 mg/kg fell to half (5 mg/kg) in about 27 weeks and to
1 mg/kg in 40 weeks. The maize treated at the rate of
5 mg/kg lost half of its deposit in about 17 weeks, after
which there was a gradual reduction until, at the end of 40
weeks, the residue level was below 1 mg/kg.

Chawla and Bindra (1971, 1973) showed that bromo-
phos applied to wheat grain with extremely low moisture
content (8.6%) degraded at a rate comparable with that of
malathion and considerably faster than iodofenphos and
pirimphos-methyl when stored for a period of 6 months.

Eichler (1974) and Eichler and Knoll (1974) des-
cribed a series of large-scale laboratory trials to determine
the degradation of bromophos under different experimen-
tal conditions. Dust and emulsion formulations were used.



Two samples of grain, one with 15% moisture and the
other with 13.5% moisture were used at an average
temperature of 15°C. The wheat which had been treated at
the rate of 8 mg/kg lost approximately 40% of its
bromophos after 1 year, there being little difference
between the dust and emulsion treatments. The wheat
treated at the rate of 12 mg/kg showed 41 and 50%
degradation at the end of 1 year for the dust and emulsion
treatment respectively. The results showed that the main
breakdown, amounting to about 35%, occurred during the
first 6 months. Subsequent experiments by these workers
showed that the rate of degradation increased with
increasing temperature. At 26°C about 60% of the deposit
was degraded in 12 months, whereas at 15°C only about
40% was lost. The results tended to suggest that, within
the range of moisture levels used, the moisture content
does not influence the rapidity of bromophos degradation.

Rowlands (1974) discussed the work of himself and
co-workers on the rapid degradation of bromophos during
the first few days following application to grain. He gave
an example of the intended application of 10 mg/kg
bromophos to 28 tonnes of wheat stored at 26-30°C and a
moisture content of 18%. Analysis of samples drawn
immediately after application revealed 9.3 mg/kg but
within a day the residue of intact bromophos was down to
8.4 mg/kg and within 3 days to 7.6 mg/kg. He discussed
whether these ‘losses’ could be due to experimental error
but in view of the figure at the end of 7 days (6.8 mg/kg)
he considered that there was unequivocal evidence of loss
which was accounted for by the presence of 2.1 mg/kg of
desmethy]l bromophos. Laboratory studies at lower tem-
peratures (20°C) showed a similar pattern.

Watters (1976b) studied the persistence of bromophos
applied to various structural surfaces and the uptake of
bromophos by wheat stored in contact with such treated
surfaces. Bromophos remained effective on metal sur-
faces for 40 weeks, on plywood for 18 weeks, and on
hardwood and concrete for 4 weeks. It was shown that the
uptake of bromophos into wheat continued for up to 40
weeks though the residue levels were only of the order of
0.5 mg/kg. Mensah et al. (1979a) reported virtually
identical studies and results. Their work revealed a much
more pronounced tendency for bromophos deposits on
wood to transfer to wheat, barley and comn stored in
contact with the treated surfaces for a period of 1 week.

Mensah and Watters (1979a) applied an aqueous
suspension of bromophos at 1.0 g/m? to the concrete floor
and inside wall of an empty cylindrical steel granary to
determine the uptake of bromophos into 30 tonnes of bulk
wheat during 7 months of storage. The wheat was
sampled at intervals as the granary was emptied. Insec-
ticide uptake was determined on 50 g samples by chemical
assay and bioassay with adults of Cryprolestes ferrugin-
eus. No bromophos was detected in the upper 50% of
wheat stored in the treated granary. The highest residue
(0.68 mg/kg) was recovered in the final 0.5 tonne of
wheat taken from the treated floor. Complete mortality of
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Cryptolestes ferrugineus occurred on wheat samples with
0.5 mg/kg or higher.

Mensah et al. (1979b) applied bromophos at 2 dosage
rates to wheat of 12 and 16% moisture content. They
showed that the deposit of 8 mg/kg declined after 6
months storage to 2.6 mg/kg in the case of the 12%
moisture wheat and 1.4 mg/kg in the case of the 16%
moisture wheat. Similar wheat treated at a dosage of
12 mg/kg was found to contain 4.5 and 1.5 mg/kg in the
presence of 12% and 16% moisture respectively.

Watters and Nowicki (1982) showed by field studies
that 11.3 tonnes of rape seed stored in a plywood-lined
granary treated with bromophos at 0.5 g/m? had residues
of 0.1 to 2.6 mg/kg after 16 weeks and 0.4 to 3.5 mg/kg
after a further 36 weeks of storage. Laboratory studies of
insecticide uptake by rape seed or wheat from wood or
concrete surfaces treated with bromophos showed that
uptake was higher in rape seed than in wheat and that
uptake by rape seed or wheat was greater from treated
wood than concrete.

7.3 Fate on Milling, Processing and Cooking

Eichler (1972) reported that wheat treated with bromo-
phos dust at rates equivalent to 6 and 12 mg/kg was
converted into wholemeal after being in store for
270 days. The residues in the meal were determined by a
colorimetric method and were found to be 1.2 and
2.73 mg/kg respectively. This wholemeal was converted
into wholemeal bread, which was analysed after baking.
The residues found in the baked bread were less than half
those found in the wholemeal flour when the results were
compared on the basis of dry substance. He concluded
that, after preparation for human consumption, only about
10% of the bromophos originally applied to the raw wheat
was still detectable. The author drew attention to the fact
that, in the milling of wheat for flour, the bran and pollard
are removed and therefore the level of bromophos in white
bread will be substantially lower still.

Eichler and Knoll (1974) and Eichler (1974) reported
experiments designed to study the degradation of bromo-
phos in stored wheat, milled cereals and cooked cereal
foods. Samples of wheat typically used for baking were
treated with bromophos in the form of both dust and
emulsion. Both formulations were added to the grain in a
mixer at concentrations of 8 and 12 mg/kg bromophos.
Each series of experiments comprised 100 kg of wheat
with a moisture content of 13.5%. The treated grain was
stored at an average storage temperature of 15°C. Directly
after treatment and 3, 6 and 12 months later, samples
were prepared by mixing the grain withdrawn from
different depths of the containers. These samples were set
aside for milling and analytical assay. The wheat intended
for baking was cleaned, conditioned and milled in a
laboratory mill, giving a flour typical of commercial
quality. Samples of the various milling fractions were
retained. Crushed grain and flour prepared at four separate
sampling times were converted into breads, which were



submitted to organoleptic testing and residue analysis.
Table 7.1 shows the distribution of bromophos residues
from the whole grain between coarse bran, semolina bran
(pollard) and flour. For convenience only the results on
the wheat treated at the rate of 12 mg/kg are presented.

Table 7.1. Distribution of bromophos (ppm) in milling
products (application rate 12 ppm a.i.).

Months after ~ whole* coarse® semolina®

applic. grain bran bran flour
application as dust:

3 7.2 22.0 21.2 2.34

12 6.1 14.3 9.4 1.17

application as emulsion:
3 9.2 23.5 22.7 2.66
12 4.7 14.1 10.1 1.10

a crushed just before analysis in a grinder

b consists mainly of inner pericarp and seed coat

¢ consists besides inner pericarp, seed coat and flour, of
main parts of aleurone layer and germ.

These experiments showed that after 3 months con-
siderable amounts of bromophos can be found in coarse
bran and pollard. These values gradually fell when the
treated wheat was held in storage for a period of 12
months. The level of bromophos residues in wholemeal
bread and white bread, prepared by milling the grains in
this experiment, are recorded in Tables 7.2 and 7.3.

After the baking of crushed wheat, only about 25-35%
of the residue originally present in the grain at the time of
crushing was recovered. In bread made with white flour,
85-90% had been destroyed. Apparently, in the larger
particles of crushed wheat, the residues of bromophos are
protected from hydrolysis by the free moisture used in the
preparation of the bread, whereas in the white bread the
residues are more intimately in contact with moisture.

These studies by Eichler and Knoll (1974) revealed
that the residues present in bread at the time of
consumption, following the application of insecticidally-
effective rates of bromophos 3-12 months previously,
were, in the case of wholemeal bread, 1.4-2.5 mg/kg and
in the case of white bread, 0.1-0.3 mg/kg. This represent-
ed only 2-3% of the bromophos originally applied to the
wheat. :

Chawla and Bindra (1973) reported that during the
processing of treated grain into chapaties, the loss of
bromophos was as fast as that of malathion, and
considerably faster than that for iodofenphos and pirimi-
phos-methyl. Chapaties are prepared from crushed grain
mixed with water to form a soft dough, which is cooked
by spreading on a hot surface of a simple stove. In another
study by the same authors, it was shown that the
processing of grain treated with iodofenphos into
chapaties and popcorn caused a loss of from 94-99% of
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the insecticide. Washing of the grain, followed by its
drying, removed most of the residues of malathion,
iodofenphos and bromophos. Addition of an emulsifier at
the rate of 0.1% enhanced the residue-removal efficiency
of water significantly, and sun-drying proved more
effective than oven drying (Chawla and Bindra 1971).

Mensah et al. (1979b) determined the level of
insecticide residues in milled fractions of dry or tough
(high moisture) wheat treated with bromophos and 3 other
insecticides. Water-based emulsions of bromophos were
applied at 2 dosage rates to wheat of 12 and 16% moisture
content to compare residue distribution in fractions milled
from wheat samples stored over a period of 6 months. The
residue degradation of bromophos on dry and tough wheat
and milled fractions were similar to that observed for
malathion. Bromophos appeared to be more stable on dry
wheat than on tough wheat as the age of the deposit
increased. In fractions milled from dry wheat, high
residues were found in the middlings during 3 months of
storage. As high as 37.7 mg/kg bromophos was found in
the middlings in contrast to 27.3 and 3.4 mg/kg in the
bran and flour, respectively, | month after treatment.
However, after 6 months, more bromophos was recovered
from bran than from middlings or flour notwithstanding
the fact that the concentration on the bran had declined by
more than 30% in the intervening time.

Table 7.2. Comparison of bromophos residues (ppm) in
flour and bread

Application Application
of dust® of emulsion®
Months after
application Flour Bread Flour Bread
3 2.34 0.18 2.66 0.30
6 1.02 0.12 0.99 0.10
12 1.17 0.08 1.10 0.07

a Application of 12 ppm a.i.

Table 7.3. Comparison of bromophos residues (ppm) in
crushed grain and bread

Application Application
of dust® of emulsion®
Months after  Crushed Crushed
application grain Bread grain Bread
3 7.2 1.59 9.2 2.48
6 6.7 1.73 6.2 2.05
12 6.1 2.23 4.7 1.40

*Application of 12 ppm a.i.



7.4 Metabolism

Rowlands (1966a) published an extensive account of
studies on the metabolism of bromophos on stored wheat
grains. This has been reviewed in the section on
degradation and is best explained diagrammatically.
Figure 7.1 is taken from the Rowlands’ study.

Rowlands (1966b), by identification using thin-layer
and gas-liquid chromotography of the metabolites
produced in vivo, showed that desmethyl bromophos was
the major product during the first week of storage. Crude
acid-phosphatase preparations from wheat grains, applied
to bromophos as the substrate, showed that, of the
metabolites produced in vivo, only desmethyl bromophos
interferes with the phosphatase activity in vitro. Further-
more, while metabolism of bromophos is dormant the
level of desmethyl bromophos achieved is steadily
decreasing. When the desmethly bromophos has virtually
disappeared, degradation of bromophos recommences
with subsequent re-accumulation of the desmethyl de-
rivatives.

Oxidative activity converting bromophos to its phos-
phate analogue was found in the seed coats and germs of
wheat grains by in vivo and in vitro studies. Hydrolytic
activity found in the germ and endosperm, detoxifying

bromophos, was demonstrated in vitro and non-specific
hydrolases were located by histochemical tests
(Rowlands 1966¢).

Rowlands and Clarke (1968) reported that after 18
months storage, wheat originally treated with bromophos:
was considerably less mouldy than that treated with
malathion. Assay of the bromophos-treated samples
showed considerable levels of dichlorobromophenol and
since some halogenated phenols are fungicidal the authors
speculated that the phenolic residues resulting from
bromophos application may act fungicidally.

Stiasni et al. (1969), who studied the translocation,
penetration and metabolism of bromophos in tomato
plants reported that, in addition to unchanged bromophos,
dichlorobromophenol was found as a main metabolite,
and small amounts of bromoxon, monodesmethylbromo-
phos, dimethyl thionophosphate, and inorganic phosphate
were detected.

Dyte and Rowlands (1970), studying the effects of
some insecticide synergists on the potency and metabol-
ism of bromophos in Tribolium castaneum, reported that
sesamex and SKF 525A antagonised the effect of
bromophos on Tribolium castaneum, SKF 525A being the
more effective antagonist. The main hydrolytic metabolite
recovered from homogenates prepared from adult beetles
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Figure 7.1. Suggested metabolism of bromophos by stored grain (Rowlands
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1966a).



after topical treatment with bromophos was O-desmethyl
bromophos, but O-O-dimethyl thiophosphoric acid, O-O-
dimethyl phosphoric acid and a little O-methy] phosphoric
acid were also found together with 2,5-dichloro, 4-
bromophenol. Very little of either the oxygen analogue or
dimethyl phosphoric acid were found. Sesamex or SKF
525A strongly inhibited the production of the O-des-
methyl bromophos.

Eichler (1972) reviewed the then available studies. The
first metabolic studies on animals were carried out by
Stiasni ef al. (1967) using rats. Five urine metabolites
were found after administration of *P-bromophos,
whereas three were found after administration of ‘H-
bromophos. Analysis showed that the metabolites were
phosphate, dimethylthionophosphate, monodesmethyl-
bromophos and dichlorobromophenol. Two metabolites
were unidentified. Bromophos itself, its O-analogue,
(bromoxon) and monodesmethyl-bromoxon were not
found in urine.

The same workers found that, following oral, intraven-
ous and intraperitoneal administration, the principal route
of excretion was via the kidneys; more than 90% being
eliminated within 24 hours. These studies led the authors
to postulate that animal metabolism of bromophos
proceeds according to Figure 7.2.
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Figure 7.2. Suggested routes of metabolism of bromo-
phos in the rat (Stiasni ef al. 1967). (I) =
bromophos.

Although bromoxon was not found in rat urine in the
studies by Stiasni et al. (1967) Muacevic et al. (1970)
detected extremely low concentrations of bromoxon in
blood, and considered that this correlates with the
inhibition of cholinesterase activity observed following
administration of bromophos.

From these results we can conclude that bromophos is
at least partially broken down in animals via bromoxon,
but that the bromoxon is rapidly decomposed by hy-
drolysis so that it occurs only in extremely small amounts.
It is also conceivable that this is only a secondary reaction
and that the primary metabolic pathway is via direct
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hydrolysis of bromophos. Sternersen (1969) studied the
metabolism of bromophos in plants and showed that it is
much the same as that in animals.

Rowlands in his Review of World Literature on the
Metabolism of Contact Insecticides Used in Stored Grains
(Rowlands 1975) does not mention any new studies
published during the period 1970-74.

Eichler and Knoll (1974) reported a series of studies
on the degradation of bromophos in stored wheat, milling
products and bread. When grain samples were examined 6
and 12 months after application of bromophos dust or
emulsion no trace of bromoxon could be detected. This is
not surprising as Rowlands (1966a) had found traces only
within the first 34 weeks of storage. This coincides with
metabolism studies in plants reported by Eichler (1972).

Calderon and Desmarchelier (1979) showed that the
susceptibility of Tribolium castaneum adults to bromo-
phos was increased measurably by pre-exposure to carbon
monoxide (30% in air for 20 hours). However, an increase
in susceptibility to bromoxon could not be shown. Carbon
monoxide is well known as an inhibitor of the microsomal
mixed-function oxidase system noted for its role in the
metabolism of insecticides. Most oxidative reactions
catalysed by this system are mediated by a carbon
monoxide binding pigment designated as Cytochrome P-
450. In view of the ever-increasing importance of the
insecticide resistance problem in insects, including stored-
product insects, the reported study was undertaken in an
attempt to provide further information on the in vivo
inhibiting effect of carbon monoxide on the detoxification
of several insecticides by Tribolium castaneum.

7.5 Fate in Animals

Stiasni et al. (1967), who carried out studies on rats
with *?P- and *H-labelled bromophos, showed it is well
absorbed from the gastrointestinal tract. In the first 12
hours following oral administration, large quantities of
radioactivity were found in the stomach, liver and kidneys
of rats, but after 24 hours the majority was found in urine
and feces. Bromophos showed no tendency to accumulate
in any organ. The maximum blood level was found
7 hours after oral administration and the biological half
life in rats was 14 hours. Approximately 96% of the
activity of the 10 mg/kg dose of *H-bromophos was
excreted in urine and 1% in feces during 24 hours
following oral administration. Excretion was complete in
96 hours, a total of 2% of activity appearing in the feces.
In the same period, administration of *’P-bromophos
resulted in the excretion of 63% of activity in urine and
16% in feces. During 8 hours following intraduodenal
administration of 5 mg/kg of *H-bromophos, 25% of the
activity was excreted by rats in bile. Since only 1% of **P-
bromophos was excreted in the same period the biliary
excretion was probably mainly dichlorobromophenol or
its metabolites. Biliary excretion of *H is probably
resorbed since only 2% of an oral dose was found in feces.



The relatively high *P content in feces may result from
metabolism of bromophos in the intestine.

After spraying 20 mg of *¥’P-labelled bromophos on the
skin of lactating cows, labeiled phosphate was detectable
in blood and milk. The blood concentration calculated as
bromophos was about 0.0l mg/kg, and was not in the
form of the analogue. The principal metabolite, desmeth-
ylbromophos, was identified in blood and milk at
concentrations of 0.4-0.7 mg/kg but these residues were
not toxicologically significant (Dedek and Schwarz
1969).

7.6 Safety to Livestock

The available toxicology data from studies on
laboratory animals suggests that bromophos is a typical
organophosphorus insecticide which inhibits cholines-
terase, plasma cholinesterase being considerably more
sensitive than erythrocyte cholinesterase and brain cholin-
esterase not being inhibited at intake levels which cause a
20-50% reduction in acetyl (plasma) cholinesterase.
Bromophos appears to inhibit cholinesterase activity
indirectly through its metabolite, bromoxon.

Groups of 10 adult hens were administered 0, 12.5 or
125 mg/kg of bromophos per day in their food for 4
weeks. Clinically apparent neurological signs were rever-
sible when treatment ceased and a neuropathological
examination of 2 birds of each group showed no central
nervous system changes (Muacevic and Glees 1968).

In reproduction studies in rats, animals consuming 20
mg/kg bromophos/day were no different from control
animals, no malformations were observed at any dosage
or in any generation and the behaviour, appearance, food
intake, results of haematological investigations and adult
survival were also unaffected (Leuschner ef al., 1967).

Studies on the acute oral toxicity of bromophos in
several animal species are summarised in Table 7.4.

Table 7.4. Acute oral toxicity of bromophos in animals

Animal Sex LD/50 (mg/kg Reference
body weight)
Rat M & F 3750-5180 Jones et al. 1968
M & F 6000 Novozhilov 1975
M 1600 (1322-1936) Gaines 1969
F 1730 (1373-2180) Gaines 1969
M 4000 Kirkel et al. 1966
F 6100 Kirkel et al. 1966
Mouse M 3700-5850 Kirkel et al. 1966
F 2929 Kirkel et al. 1966
Guinea pig M & F 1500 Kirkel et al. 1966
>6000 Muacevic 1967
Rabbit M 720 Kinkel et al. 1966
M & F 720 Muacevic 1964
Fowl 9700 Kinkel 1964
Dog >625 Worth et al. 1967

Observations on the acute toxicity of bromophos have

been summarised by the manufacturers (Celamerck,

Ingelheim, Federal Republic of Germany). Study of the
symptoms of poisoning with bromophos after oral admin-
istration to 12 different animal species revealed that they
agree in many respects with the reactions known to result
with conventional organophosphate insecticides: over-ac-
tivity of secretory glands in the form of increased
salivation or lacrimation. There are typical signs of
parasympathetic stimulation. The effect on the gastro-
intestinal tract was to cause diarrhoea, which may also be
regarded as a result of acetylcholine imbalance. Dysp-
noea, as a symptom of asthma-like conditions, is a
symptom of poisoning with both bromophos and conven-
tional organophosphate insecticides. The restlessness,
tremors, myasthenia and infrequent convulsive paroxysms
are similar to nicotine poisoning symptoms. The highest
doses ultimately lead to loss of consciousness and
collapse. Death occurs in coma, probably as a result of
central and peripheral (curareminetic) paralysis.

On the whole, the toxic symptoms of bromophos do not
distinguish this compound among organophosphates,
since many well-known insecticides also produce all of
these symptoms. However, bromophos poisoning differs
from that of the conventional phosphoric acid ester
insecticides in the following 4 ways:

(a) Dosages which lead to functional disturbances are
unusually high. As the desired biological effects
against insects may be attained at very low doses,
this results in quite a broad therapeutic range,
particularly in the control of animal parasites
(ectoparasites and sometimes endoparasites).

(b) The course of the poisoning is unusually protrac-
ted. Whereas death generally occurs within min-
utes or a few hours after administration of high
doses of the conventional organophosphate insec-
ticides, death seldom occurs so soon after adminis-
tration of lethal doses of bromophos. The majority
of animals in the animal species tested did not die
until 1 or even several days after administration.

(c) It is significant that a large gap exists between the
doses which effect a marked inhibition of cholines-
terase activity and those which lead to functional
disorders. The conventional phosphoric acid es-
ters, however, cause toxic symptoms and cholines-
terase inhibition at the same or nearly the same
doses. It is possible that this property of bromo-
phos masks a toxicological mode of action which
differs somewhat from that of the classic phos-
phoric acid ester insecticides, and which may also
be the reason for its good tolerance.

(d) In contrast to poisoning from numerous organo-
phosphorus compounds, bromophos poisoning re-
sponds relatively poorly to pyridine aldoxime
methiodide (PAM). This too places bromophos in
a special category.

After parenteral administration (local, intraperitoneal,
subcutaneous, intracutaneous and inhalation) bromophos
behaves like its more toxic congeners, but again with the



peculiarity that toxic symptoms only develop at high
doses and after a long period.

Bromophos is easily absorbed after all modes of
administration and leads to toxic symptoms which corre-
spond — as far as has been determined until now — to
those observed after oral administration. It should be
mentioned in particular that absorption through the
epidermis is only slightly slower than through the mucosa
of the gastro-intestional tract. Local reactions are slight or
absent, and are usually due to the formulation used.

7.6.1

Tests for determination of the acute toxicity of
bromophos in chickens were carried out with a 1:1
mixture of bromophos and liquid paraffin. The symptoms
observed were general debility, ataxia and paralysis of the
extremities, some cases of diarrhoea and melaena, and
pale combs. In cases of lethal poisoning, death occurred 4
to 19 days after administration.

Apart from cachexia, post-mortem examination of the
animals which died did not reveal any marked macros-
copic changes in the organs. In all the surviving animals
the clinical symptoms were reversible within the observa-
tion period.

The LDs, was approximately 9700 mg/kg, the lowest
toxic dose 500 mg/kg, and the first deaths were observed
at 8000 mg/kg. Tests were carried out principally to
establish the general poisoning symptoms and to reveal
any possible necurotoxic symptoms. Two tests were
carried out to establish the neurotoxic activity of bromo-
phos: in 1 case a single administration of 300 mg/kg to 2
test animals resulted in mild toxic symptoms (temporary

Domestic Fowl

agitation and diarrhoea). After a dose of 200 mg/kg all the .

animals in the group developed diarrhoea, 4 animals had
slight to severe ataxia, the combs became pale, they
stopped laying and lost weight.

7.6.1.1 Four-week trial

(a) Fifty-four pure-bred hens (14 weeks old) were
divided into 6 groups containing 9 animals each,
and treated with 20, 50, 100, 200, 500 and 1000
mg bromophos/kg/day respectively for 4 weeks;
administration took place 6 times a week. Ten
other hens were used as controls. One-third of the
test animals received bromophos alone, another
third received atropine in addition, and the remain-
ing third received PAM, atropine and bromophos.
Even the lowest dose (20 mg/kg) led to debility
after administration for 24 days. In contrast, the
weight gain remained normal up to 200 mg/kg.
From 500 mg/kg severe toxic symptoms developed
after 4-21 days.

The walk became first atactic, then paretic. Eventually
the animals were unable to stand. Flaccid paralysis
developed, being particularly noticeable in the claws.
Other symptoms were reduced circulation, hypothermia
and melaena. All the animals receiving 500 and 1000 mg/

(b)

79

kg died between the 11th and 21st day of treatment.

Histological examination of the liver revealed isolated
patches of pigmentation (from 20 mg/kg). Otherwise
nothing abnormal was detected.

Atropine and atropine in combination with PAM had no
effect on the paralysis and mortality of the animals.
However, after this combined treatment cases of debility
were consistently absent or occurred considerably later at
the higher doses. It must be mentioned that it was not
made clear whether the optimal doses of atropine and
PAM were used in these trials.

7.6.1.2  Unlimited trial with daily administration of 1 g
bromophos/kg

(a) Ten hens approximately 12 months old and with an
average weight of 1.3 kg received 1 g bromophos/
kg/day orally in gelatin capsules. Administration
was continued until signs of paralysis developed.
The animals were then sacrificed, dissected, and
the brain and the spinal cord were examined
histologically.

The animals began to refuse food after only a few
days and their weight consequently fell sharply.
Three days after the beginning of treatment
weakness of the claws and legs was observed with
subsequent paralysis. The feces contained blood.
Eventually the animals became unable to raise
themselves from lateral decubitus. This stage
occurred after 12-56 days of treatment.
Dissection did not reveal macroscopically-detect-
able findings. Histological examination of the
brain and spinal cord revealed changes which were
very probably artifacts.

(b)

7.6.1.3 Four-week trial without administration of an-
tidote

Ten 1-year old Leghorn-HNL-Hybrid hens were admin-
istered 12.5 mg/kg and 125 mg/kg in food daily for a total
of 4 weeks. No clinical symptoms with the exception of a
decrease in laying ability, were observed. The path-
ological findings indicated a degeneration of the ovaries
of hens from both dosage groups. No significant dif-
ference was observed between the treated and untreated
animals from a neurohistological examination.

7.6.2 Dog

In a range-finding test 2 males and 2 females (mon-
grels) received a single dose of 625 mg/kg. Two males
and 1 female transiently showed signs of slight systemic
poisoning in the form of salivation. Two animals vomited.
Twenty-four hours later all the dogs had recovered and
remained normal throughout the following 14-day ob-
servation period. One dog did not use one of his hind legs
for some time without discernible reason.

In a range-finding test for chronic toxicity, mongrel
dogs (3 males and 3 females) received 1-3 doses of 350
mg/kg at 24-hour intervals. After the third dose at the



latest, all the animals developed vomiting, increased
salivation, diarrhoea and anorexia. The dogs recovered
rapidly after treatment was discontinued.

7.6.3 Systematic Observations on the Toxicity of
Bromophos in Acute Tolerance Tests and in General Use
in Veterinary Practice (Clinical Investigations)

7.6.3.1 Cat

The same investigator obtained contradictory results in
a series of 4 experiments. Three males tolerated 1250 mg/
kg without developing toxic symptoms. Two out of 3
females that had received 500 mg/kg were very unwell
and refused to eat for 1 day. The third animal tolerated the
dose without developing any symptoms. One out of 3
females that had received 750 mg/kg died.

7.6.3.2 Swine

Two investigators who examined 597 pigs of different
ages (most of which had mange) found no clinically
detectable side-effects after single and repeated doses of
50, 75 and 100 mg/kg. After administration of 150 mg/kg
no symptoms were noted except for a reduced food intake
{(probably due to the altered taste). A dose of 200 mg/kg
was tolerated without development of symptoms. The
increased pruritus which occurred on the day following
treatment was very probably due to the movements of the
poisoned mites or to sensitisation produced by the
substances contained in the mites. In a further test series
bromophos was administered in the food at doses of 200
to 2000 mg/kg to 19 pigs, including some with severe
clinical symptoms. No reactions were observed which
were definitely or even probably attributable to the
quantity of bromophos administered.

7.6.3.3 Goat

Eight female Angora goats infested with helminths
tolerated 100 mg/kg body weight without any reaction.

7.6.3.4 Sheep

Four investigators administered bromophos orally to
various breeds of sheep. One investigator observed slight
toxic symptoms (polypnea) at as little as 15 mg/kg. In all
other cases, no reaction was observed from doses up to
400 mg/kg. At 750 to 1000 mg/kg the animals were
listless and appeared ill; a dose of 1500 mg/kg was lethal
in 1 case (only 1 animal tested). The effects observed at
sub-lethal doses (750 and 100 mg/kg) were ataxia,
increased salivation with foaming at the mouth, and
varying degrees of reduced food intake. Two investigators
discovered that buccal application of 100-300 mg/kg
bromophos to sheep with a nasal bot-fly infestation
produced no toxic side-effects.

7.6.3.5 Cattle

The oral tolerance of bromophos in various prepara-
tions was tested by 5 investigators. Approximately 180
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cattle received doses of 25 to 400 mg/kg as single, or in
individual cases, repeated doses. In most cases no side
effects were observed at doses up to 300 mg/kg/; only 1
investigator reported a reduced food intake in 5 out of 49
animals tested, after administration of 120 mg/kg. From
400 mg/kg side-effects were seen in the treated animals.
After 4 to 6 hours, 2 animals developed salivation,
drowsiness and fatigue. On the following days 1 animal
showed loss of appetite, and another 1 slight tympanites
and diarrhoea. The third animal (African zebu), which
had received 2 doses of 400 mg/kg with an interval of 4
days, died on the ninth day of the trial in spite of an
unspecified dose of atropine after its collapse on the sixth
day. This therapy complicates the evaluation of the case,
since the possibility of an overdosage of atropine cannot
be excluded. The post-mortem findings on this animal
were within normal limits.

7.6.3.6 Horse

One investigator administered 200, 400 and 600 mg/kg
respectively to 3 horses by gastric tube. At the 2 lower
doses no clinically-detectable behavioural disturbances
were seen; slight diarrthoea occurred at 600 mg/kg.
Inhibition of plasma cholinesterase activity occurred in
the animals receiving the higher doses. The post-mortem
on the 3 animals, which were infested with helminths,
showed no evidence of organic changes due to the
treatment.

7.7 Toxicological Evaluation

Two reviews have been made of the toxicology of
bromophos (FAO/WHO 1973, 1978). A reproduction
study in rats showed no effect at 20 mg/kg body weight
per day. Short-term studies in the rat showed no effects on
plasma cholinesterase at 0.63 mg/kg body weight per day.
A short-term study in the dog indicated no effect on
plasma cholinesterase at 1.5 mg/kg body weight per day.
A long-term study in the rat did not reveal any tumours,
but survival was poor at termination of the study. At the
same time the Committee evaluated a long-term feeding
study in rats, special studies of neurotoxicity, effects on
reproduction, teratology and reports of observations of
effects on man.

An adequate study in the dog dispelled the previous
concern about the effect on this animal species. Plasma
cholinesterase was more susceptible to inhibition than
erythrocyte cholinesterase; however, the previous study
revealed the opposite. A no-effect level was demonstrated
in the 20-ppm group. In a recent long-term specific
tumourigenic study in mice, no compound-related effect
was observed. A 28-day study in human volunteers
showed no significant effect of bromophos at a level of
0.4 mg/kg body weight per day based on plasma
cholinesterase inhibition. An ADI for man of 0.04 mg/kg
body weight was established (FAO/WHO 1978).



7.8 Maximum Residue Limits

Based on the above acceptable daily intake, the Joint
FAO/WHO Meeting of Experts on Pesticide Residues
recommended maximum residue limits for bromophos in
raw cereal grains and milled products from grain (FAOQ/
WHO, 1976). These are as follows:

Commodity Maximum Residue Limits

mg/kg
Bran (wheat) 20
Raw grain (wheat, maize, sorghum) 10
White flour, wholemeal bread 2
White bread 0.5
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The residues are determined and expressed as bromo-
phos.

The methods recommended for the analysis of bromo-
phos residues are those of Pesticide Analytical Manual
(1979a; 1970b; 1979c); Methodensammlung (1982; X11-
3; S5; S8-10; S13; S17; S19); Abbott et al. (1970);
Ambrus et al. (1981); Panel 1980. The following
methods are also recognised as being suitable: Methoden-
sammlung (1982; 210A); Zweig (1978); Eichner
(1978); Krause and Kirchhoff (1970); Mestres et al.
(1979b); Sussons and Telling (1970); Sprecht and
Tilkes (1980).



8. Carbaryl

Carbaryl is a methyl carbamate insecticide extensively
used around the world on a variety of agricultural crops,
ornamentals, turf, forests, livestock, and poultry as well
as on certain non-agricultural pests. It has been in use
since 1958 and the strongest influence on the use pattern
of carbaryl in recent years has been a marked reduction in
the general use of certain low-cost organochlorine insec-
ticides for which it is often selected as a replacement.

Though not particularly effective against the broad
spectrum of stored-product pests, carbaryl is quite toxic to
Rhyzopertha dominica and therefore has been chosen for
use in combination with approved organophosphorus
insecticides. It is cheap, freely available, has a low acute
and chronic toxicity and is backed by extensive world-
wide use in general horticulture and agriculture. It is
stable under grain storage conditions for a considerable
period but needs to be used at rates in the region of 5 mg/
kg to be fully effective in protecting stored products
against Rhyzopertha dominica. There is almost no pen-
etration of carbaryl into the grain. All the deposit remains
on the hulls and bran so that milled rice and flour contain
only about 1% of the level on the raw grain. This residue
is mainly destroyed in cooking and malting processes.

8.1 Usefulness

One of the first references to the evaluation of carbaryl
against stored-product pests is the paper of Strong and
Sbur (1961) in which they present the results from a
series of tests with varying dosages of each of 36 insec-
ticides in acetone solution sprayed on wheat for protection
against adults of Sitophilus oryzae, Sitophilus granarius,
Tribolium confusum and larvae of Trogoderma gran-
arium. Mortalities of adult insects were recorded after an
exposure of 14 days and of Trogoderma larvae after an
exposure of 28 days to treated grain. The rates used
ranged through 8 steps from 1.25 to 200 mg/kg. Carbaryl
was one of the least effective against all 4 species giving
incomplete control even at 200 mg/kg. By comparison
malathion was effective against 2 species at 2.5 mg/kg
and the other two at 10 mg/kg. These experiments did not
specifically indicate the effectiveness of carbaryl on
Rhyzopertha dominica.

Parkin and Forster (1964) carried out tests with
carbaryl dust to test its efficacy as a grain protectant. They
found that 1 mg/kg was sufficient to supress breeding of
Cryptolestes surinamensis, 32 mg/kg was needed for
Tribolium castaneum but 128 mg/kg was insufficient to
control breeding of Sitophilus granarius or Sitophilus
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zeamais. They indicated that Rhyzopertha dominica may
be sufficiently susceptible to be controllable in practice
with reasonably small doses.

Extensive trials carried out in the USA, South Africa,
England, the Philippines, Argentina, Brazil and Uruguay
in 1963-64 showed carbary! to be effective against a wide
spectrum of stored-product pests but a number were
sufficiently tolerant to require unacceptably high concen-
trations to bring about adequate control (Union Carbide
1976). It was shown by Roan (1964) and Strong and
Sbur (1961) that the nature of the formulation applied was
highly critical in obtaining the desired effect against
stored-product pests.

Work carried out in Australia in 1963, 1965 and 1967
(Greening 1976) showed that carbaryl effectively con-
trolled Rhyzopertha dominica at a concentration as low as
1 mg/kg in laboratory trials and at 10 mg/kg in field trials.
Since none of the organophosphorus insecticides was
completely effective in controlling Rhyzopertha dominica
under trial conditions (Bengston ef al. 1975; Bengston
and Desmarchelier 1979) there is a need for an
insecticide, which can be combined with approved
organophosphorus insecticides to complete the spectrum
of control of all stored-product pests, including Rhyzoper-
tha dominica. Although bioresmethrin had been used
successfully for this purpose for several years, these
workers believed that additional insecticides, which are
from different chemical groups, should be developed.

Trials in Australia clearly demonstrated the advantage
of carbaryl for the control of Rhyzopertha dominica
(Davies 1976; Desmarchelier 1976b; Davies and Des-
marchelier 1981; Bengston et al. 1980b).

Desmarchelier (1976b) showed that carbaryl, applied
to wheat at rates ranging from 3 to 6 mg/kg and held at
25°C, gave 100% control of adult Rhyzopertha dominica
and prevented reproduction of this species for more than 6
months. Although ineffective against other species at this
concentration, the addition of normal rates of other
organophosphorus insecticides produced complete control
of all species for more than 6 months. Davies (1976) and
Davies and Desmarchelier (1981) reported equally
impressive results for periods of at least 31 weeks after
treatment.

Carbaryl has a number of distinct advantages for use in
combination with organophosphorus grain protectant
insecticides: it is cheaps; it is readily available; it has been
widely used and evaluated as a general insecticide for
more than 20 years; it is in a different class of compound
from organophosphorus or pyrethroid grain protectants,



which reduces the possibility of resistance developing.

Commercially acceptable control of all major stored-
product pests and complete protection of stored grains can
be obtained by the use of combinations of approved
organophosphorus insecticides to which carbaryl is added
at rates equivalent to 5 mg/kg of treated grain.

Bengston et al. (1978b) reported the outcome of
extensive trials with a range of grain protectants for the
control of malathion-resistant insects in stored sorghum.
Carbaryl applied at a nominal 8 mg/kg controlled
Rhyzopertha dominica for more than 30 weeks in a
situation where bioresmethrin (1 mg/kg), phenothrin
(1 mg/kg) and pyrethrum (2 mg/kg) were only partly
effective.

Desmarchelier and Bengston (1979a) described the
approach taken in Australia to achieve 9 months protec-
tion against stored-product pests by using combinations of
insecticides tested for their effectiveness against particular
species. They recommended carbaryl applied at the rate of
8 mg/kg or 5 mg/kg in aerated storage.

Al-Saffar and Kansouh (1979) carried out a survey of
stored-grain insects at Mosul, Iraq and reported that
Trogoderma granarium was present in more than 50% of
the samples. In the light of toxicity tests on the various
species they reported carbaryl was less effective than
dichlorvos or chlorpyrifos.

Bengston et al. (1980b) evaluated the combination
pirimiphos-methyl plus carbaryl as a grain protectant
combination for wheat. Triplicate field trials carried out
on bulk wheat in commercial silos were sampled at
regular intervals over 9 months and the grain samples
were submitted to bioassay using malathion-resistant

strains of insects. Whilst these trials indicated that the.

combination was not as effective as a mixture of
fenitrothion and phenothrin against 2 strains, the order of
effectiveness was reversed against one other strain.
Against 4 additional strains, the 2 treatments were equally
effective, preventing the production of progeny.

Davies and Desmarchelier (1981) in a complex series
of laboratory experiments treated wheat with pirimiphos-
methyl or carbaryl or combinations of these 2 insecticides
and then stored it at 25°C for bioassay at various intervals
over a period of 39 weeks. The insects used were
Sitophilus granarius, Tribolium confusum and Rhyzoper-
tha dominica. Pirimiphos-methyl at 5.1 mg/kg effectively
controlled the first two but was ineffective against
Rhyzopertha of a strain showing malathion resistance.
Conversely, carbaryl at 6.5 mg/kg was effective against
Rhyzopertha, but ineffective against the other 2 species.
Various combinations of the 2 insecticides were tested and
the combination of pirimiphos-methyl at 4-5 mg/kg and
carbaryl at 5-6 mg/kg was suggested where long-term
storage is required. Bioassays conducted at 20, 25, 30 and
35°C showed carbaryl to be much less effective at the
higher temperatures.

Hsieh et al. (1983) evaluated the toxicity of 26
insecticides to Sitophilus zeamais and Rhyzopertha
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dominica in a laboratory in Taiwan by the admixture
method. Carbaryl was one of 7 insecticides which were
more toxic to Rhyzopertha dominica than to Sitophilus
zeamais. The LC/50 of carbaryl to Sitophilus zeamais was
found to be 1088 mg/kg.

8.2 Degradation

Srivastava.et al. (1970) carried out laboratory studies
in India on the effect of temperature and humidity on the
persistence of carbaryl, malathion and lindane. Carbaryl,
at concentrations of 2000 and 6000 mg/kg, which
correspond to the LD/S0 and LD/90 against Tribolium
castaneum, was used to treat filter papers to which adults
of this species were periodically exposed at different
combinations of temperature (35°C and 45°C) and relative
humidity (about 60% and 90%). The toxicity of the
deposits was lost most rapidly at 45°C and 60% r.h.
Carbaryl was the first to lose its effectiveness.

From laboratory trials in Australia, Davies (1976)
measured the decline of active carbaryl residues on wheat
by bioassay using Rhyzopertha dominica. From his data,
illustrated in Figure 8.1, Davies calculated the approx-
imate biological half-life of carbaryl in wheat treated with
5 mg/kg to be 40 weeks at 35°, 60 weeks at 30°C, 80
weeks at 25°C and much longer than 80 weeks at 20°C.
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Figure 8.1. Decline of carbaryl residues in wheat after
storage at various temperatures (Davies
1976).

Desmarchelier (1977c, 1979d, 1980) measured the
rate of loss of carbaryl residues under 12 fixed sets of
conditions of temperature and relative humidity in the
laboratory and derived a general model relating the time
required to degrade to half the former concentration to
temperature and relative humidity. The model is indicated
in a graph which is reproduced as Figure 8.2. From this
model it is possible to predict the residue level after any
interval of storage from a knowledge of temperature and
the relative humidity of the inter-grain space and thus to
determine the rate of application required to provide the
requisite level of protection for the anticipated period of
storage. Application of the model to extensive field trial
data on wheat, barley and sorghum has confirmed the
practical validity of the prediction. The use of this model
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Figure 8.2. The relationship of half-life (log scale) of
carbaryl on grains to equilibrium relative
humidity and temperature (Desmarchelier
and Bengston 1979a).

should enable residue levels to be maintained as low as
possible consistent with obtaining adequate insect control.

Bengston et al. (1978b), reporting the results of
commercial-scale trials, found the half life to range from
22-50 weeks in grain held at temperatures between 30°C
and 22°C and an inter-grain relative humidity of from 35—
49%.

Desmarchelier (1979d) compared his laboratory model
with extensive data collected over periods of 6 to
10 months from 17 commercial storages containing wheat
in 5 Australian States, in 2 commercial storages in
Queensland containing sorghum and in 1 commercial
storage containing malting barley. Half-lives were cal-
culated for the mean of wheat residues in each State, for
the mean of sorghum residues and for barley residues.
These half-lives were compared with half-lives predicted
from the model, and from the mean of measured field
conditions of temperature and moisture content. Ex-
tremely good correlation was obtained, except in 2 cases
where the number of measured residues was only 3.

Desmarchelier and Bengston (1979b) stated that
chemical residues of grain protectants could be accurately
predicted from simple models. Loss of protectants in bulk
grain depends entirely on grain equilibrium relative
humidity, grain temperature and time of storage. The
basis for these models was originally published in 1978
(Desmarchelier 1978a). The authors developed models
for 12 protectants, including carbaryl, and these models
have proved accurate in predicting residues on wheat,
barley, sorghum, oats and rice in bulk. They showed how
these models can be used to select the appropriate
application rate for any given situation. The models
demonstrated the saving of protectant which results from
cooling or drying the grain. At 30°C and 50% relative
humidity the half-life of carbaryl is stated to be 21 weeks.
A chart relating the half-life of carbaryl residues on grain
to equilibrium relative humidity and temperature was
provided.

In 1980, Desmarchelier published further results of
studies on the loss of bioresmethrin, carbaryl and
phenothrin from wheat during storage. These studies were
carried out to determine whether the stabilities of several
protectants on grain, under different conditions of storage
depend on only 2 variables, namely grain temperature and
grain equilibrium relative humidity. Piperonyl butoxide
increased the stability of bioresmethrin but had little if any
effect on the persistence of carbaryl. Good agreement was
demonstrated between the theoretical model and the
model derived in an empirical manner from experimental
data. The correlation co-efficient was generally greater
than 0.9% (Desmarchelier 1980).

Desmarchelier et al. (1980a) determined the level of
residues of carbaryl and S other grain protectant insec-
ticides on unhusked rice, husked rice, polished rice and
barley over a storage period of 6 months. The observed
levels were close to the levels predicted from the use of
the model relating rate of loss of residues to a rate constant
and 2 variables, temperature and equilibrium relative
humidity. The barley, husked rice, unhusked rice and
polished rice were treated with carbaryl at the rate of
10 mg/kg. The grain equilibrium relative humidity ranged
from 55 to 65% and the storage temperature was 25°C.
The carbaryl residue level at the end of 3 and 6 months
was 6.5 and 3.5 mg/kg respectively on all 4 lots of grain.
The deviation between the predicted and observed value
of residues was less than 10%.

Bengston et al. (1980b) reported the results of 2
studies carried out on bulk wheat in commercial silos from
which samples of treated grain were withdrawn at
intervals for bioassay and chemical analysis. At these sites
carbaryl was applied in combination with pirimiphos-
methyl. The analytically determined residues compared
very closely with those predicted from the work of
Desmarchelier (1980) and were confirmed by the results
of bioassay using 7 separate species and/or strains of
stored-product insects. The initial deposit of 10 mg/kg
carbaryl declined to 6 mg/kg over 30 weeks at a
temperature of 27°C and an initial moisture content of
11.1%. The deposit of 5 mg/kg at the second site declined
to 2 mg/kg at the end of 37 weeks on wheat having a
temperature of 29.4°C.

8.3 Fate in Milling, Processing and Cooking

A number of studies are available to show the
distribution and fate of carbaryl residues in various grains,
milling fractions of grains and prepared cereals subjected
to cooking (FAO/WHO 1977d).

Desmarchelier (1976b) showed that wheat treated with
carbaryl 3 to 5 months previously but still containing
residues of carbaryl in the range 3-6 mg/kg, when
converted into wholemeal, yielded a flour containing 1-
3 mg/kg of carbaryl. When the same grain was milled for
the preparation of white flour (approximately 70%
extraction) the residue level in flour was reduced to about
0.1 mg/kg. The baking of wholemeal and white bread



resulted in a further loss of about half the carbaryl content,
bringing the final residue in wholemeal bread into the
range of 1 mg/kg and in white bread to below 0.1 mg/kg.
Thus the reduction in the residue between raw grain and
white bread was 99%, and between grain and wholemeal
bread about 75% (Table 8.1).

Table 8.1. Effect of milling and baking on carbaryl
residues in wheat (Desmarchelier 1976b)

Location Location

N B
Carbaryl applied, mg/kg 5 10
Carbaryl recovered, day 1, mg-kg 3.4 6.5
Wheat withdrawn after 19 weeks 13 weeks
Residues in wheat, mg/kg 3.1 6.0
Residues in mill fractions, mg/kg
wholemeal flour 1.2 2.6
wholemeal bread 0.7 1.5
bran 7.0 14
shorts 1.5 3
white flour 0.07 0.15
white bread <0.05 0.08
Reduction in residues, %
wheat/wholemeal bread 77 75
wholemeal flour/wholemeal bread 42 42
wheat/white flour 97 97
white flour/white bread 50 50
wheat/white bread 98 99

In a series of experiments representing the most
primitive type of processing to which husked rice,

polished rice, oats and barley would be subjected,
Desmarchelier (1976b) showed that simple boiling in
minimal amounts of water for 15 minutes reduced car-
baryl residues in husked rice, polished rice and oats by
84%. A primitive malting procedure reduced residues in
barley by 77% (Table 8.2).

Tempone (1979) included carbaryl in extensive studies
of the effects of insecticides on barley malting and
vice versa. Carbaryl was applied at the rate of 10 mg/kg
in combination with pirimiphos-methyl. No detrimental
effects were observed in malts with this treatment.
Residues were minimal in the malts initially and not
detectable after 3 months storage.

Bengston et al. (1980b) reporting the results of
extensive studies, which included a combination of
pimimiphos-methyl plus carbaryl for the treatment of
wheat, showed that the bulk of the carbaryl residues was
removed in the bran and pollard — very little finding its
way into white flour. Whilst there appeared to be some
loss of carbaryl during the milling of wheat into
wholemeal, the baking of wholemeal bread caused
substantial further reduction in the carbaryl residue level.
The details are given in Tables 8.3 and 8.4.

Desmarchelier et al. (1980a) studied the fate of
residues of carbaryl and 5 other grain protectant insec-
ticides applied to barley and to rice in husk, husked rice,
and polished rice and the effect of malting of barley,
milling of rice and cooking of the various grades of rice on
the level of carbaryl residues. These studies showed that
90 to 95% of the residue present on milled and polished
rice is destroyed by cooking, that about 95% of the
residue present on rice in husk is removed by milling and
most of the remaining residues are removed during the

Table 8.2. Effect of storage at 25°C, processing and cooking on carbaryl residues in treated grains (Desmarchelier

1976b)
Residue (mg/kg)
after storage for Residue (mg/kg)
Application Processed after cooking for
Moisture rate, "3 6 after Processed
Grain (%) (mg/kg) months  months  (months) into - 15 min 25 min
Barley 13 10.6 6.5 3.5 3 Primitive 1.5
malt
6 Commercial 0.2
malt
Oats 12 10.0 7.5 3.5 3 Rolled - 1.2
oats
Rice in husk 13 10.0 7.5 3.5 6 Husked 0.4 0.2
6 Milled 0.07 <0.05
Husked rice 12.5 10.0 7.5 34 3 Cooked 1.2
6 Cooked 0.7
Polished rice 12.7 10.0 7.5 3.5 3 Cooked 1.2
Wheat 12 10.0 7.2 6.3 5 Wholemeal 2.5 1.5
(4.2 after
storage for
9 months)
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Table 8.3. Mean carbaryl residue levels following milling and baking of wheat stored at Site B for 13 weeks or at Site D
for 19 weeks after being treated with carbaryl suspension (Bengston et al. 1980b)

Site Storage Carbaryl residue (mg—kg)
(weeks)
Wheat Bran Pollard Wholemeal flourWhite flourWholemeal bread White bread
Site B 13 5-7 12-16 2-4 2.6 0.1-0.2 1.0-2.0 0.05-0.1
Site D 19 2.5-3.0 6-8 1-2 1.2 0.05-0.1 0.5-1.0 0.05

Table 8.4. Reduction in carbaryl residue content following milling and baking of wheat referred to in Table 8.3

Site % reduction in residue content
Wheat to Wheat to Wholemeal to White flour Wheat to Wheat to
wholemeal white flour ~wholemeal bread to white bread wholemeal bread white bread
Site B 57 98 40 75 99
Site D 53 96 38 67 98

A !
polishing process. Virtually all of the residue present on
the rice in husk is lost when the milled and polished rice is
cooked. More than 90% of the carbaryl present on barley
is destroyed in the malting process. These results are set
out in Table 8.5,

Bengston ef al. (1983a), who carried out duplicate

experiments on bulk sorghum stored in Queensland,
found that carbaryl, applied in conjunction with pirimi-
phos-methy] at the rate of 8 mg/kg had declined to 5 mg/
kg by the end of the fifth week after application.
Thereafter the rate of decline in the concentration of
carbaryl residues was quite smooth and regular so that at

Table 8.5. Residues of carbaryl on barley and rice before and after storage, processing and cooking (Desmarchelier et

al. 1980a)
Grain Application Residues
level (mg/kg)
(mg/kg)
After After After After
3 6 cooking at cooking at
months months 3 months 6 months
Husked rice 10 6.5 35 1.2 0.7
Polished rice 10 7.0 4.5 1.2 0.4
Residues after 6 months
storage and
Milling Milling &
cooking
Milled Polished Milled Polished
Rice in husk 10 6.5 3.3 0.45 0.07 0.1 0.05
Residues after malting
Home malting Commercial
after 3 months after 6 months
Barley | 10 6.5 3.5 1.2 0.25
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the end of 24 weeks the residue concentration was 0.6 mg/
kg. The rate of degradation of carbaryl was considerably
greater than 7 other compounds included in these studies.
The grain temperature was 27°C and the average moisture
content 12.3%.

8.4 Metabolism

There is an extensive literature on the metabolism of
carbaryl in plants, animals and soil. Much of this has been
evaluated by the JMPR on a number of occasions since
1969 and a comprehensive review is provided by Kuhr
and Dorough (1976).

The metabolic pathway (Fig. 8.3) for carbaryl in plants
is identical whether the compound is introduced by stem
injection or applied to the leaf surface. Laboratory or field
conditions do not affect or alter the metabolic course.
Only after it gains entrance into the plant tissue does
carbaryl undergo biotransformation to its primary
metabolites, which are similar to the ones formed by
animals. The major metabolites in decreasing order of
quantitative importance are: 1-naphthyl N-hydroxymeth-
ylcarbamate (or the methylol of carbaryl), 7-hydroxycar-
baryl and 4-hydroxycarbaryl; the minor ones: 5-hydrox-
ycarbaryl, 1-naphthol and 5,6-dihydro-5,6-dihydroxy-
carbaryl. These hydroxylated metabolites, which are less
toxic than carbaryl itself, are conjugated by plants to form
water-soluble glycosides. The formation of the primary
metabolites appears to be the rate-limiting step and
subsequent conjugation a rapid conversion, since the

o
n
OCNHCH20H OH
Methylol of carbaryl 1-naphthol
e W] ;
Il
OCNHCH3 OCNHCN3g OCNHCH3
HO” —
carbaryl
5, 6-dihydrodiol of carbaryl / \ 4- hydroxycarbaryl
OCNHCN_, OCNHCH3
|
oY 98
OH

7-hydroxycarbaryl 5-hydroxycarbaryl

Figure 8.3. Primary metabolism of carbaryl in plants.
The primary metabolites, which are hydrox-
ylated compounds, are found not in the free
state but conjugated as glycosides. Heavy
arrows represent the major conversions; light
arrows the minor conversions (FAQ/WHOQO
1970).
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primary metabolites are not found free in plant tissue
(Dorough and Casida 1964; Kuhr and Dorough 1976).

8.5 Fate in Animals

Extensive information on the fate of carbaryl residues
in domestic animals has been provided in the monographs
in the 1966, 1968 and 1973 meetings of the Joint FAO/
WHO Meeting on Pesticide Residues. From these mono-
graphs it is obvious that many separate investigations have
verified that when carbaryl is included in the ration of
cows only about 0.2% of the amount of carbaryl ingested
is excreted in milk as carbaryl and metabolites. At least 7
separate metabolites have been identified in milk, most of
them water-soluble. Carbaryl itself represents only about
5% of the total residue following continuous feeding at
levels of 100 ppm in the ration (equivalent to about
1.5 mg/kg body weight). Since it is very unlikely that any
dairy animal would ever consume as much as 100 mg of
unchanged carbaryl per kg of the entire ration every day,
actual milk residues would be negligibly small. Radio-
tracer studies have shown that when cows are fed the
equivalent of 100 ppm of carbaryl in their ration, residues
of all fragments do not exceed 1 mg/kg in kidney, 0.4 mg/
kg in liver and 0.1 mg/kg in the muscle. Only about 3—
17% of these residues is parent carbaryl.

Gyrisco et al. (1960) fed up to 450 ppm of carbaryl to
cows for 2 weeks and found no residue in milk by a
colorimetric method.

Dorough (1967) fed ring-labelled carbaryl to a lactat-
ing cow. A total of approximately 1 mg/kg, based upon a
radioactivity measurement calculated as carbaryl, was
found in the skim milk 6 to 12 hours after administration
of 3.05 mg/kg body weight. Approximately one half of
this residue was chloroform extractable, and one half was
water extractable with a small unextractable fraction. At
the end of 60 hours all the radioactivity (calculated to be
0.01 mg/kg as equivalents of carbaryl) was unextractable
from the milk. In the 6-hour samples about 30% of the
radioactivity in the milk was characterised as 5,6-dihydro-
5,6-dihydroxy 1-naphthol N-methylcarbamate, and ap-
proximately 20% was an unknown metabolite. Neither of
these materials, corresponding to 50% of the total milk
residue (0.5 mg/kg), responded to the standard
colorimetric method used for carbaryl.

No residues were detected in tissues of cattle fed
carbaryl for 20 days (Clayborn 1963). Whitehurst ef al.
(1963), using the colorimetric method of analysis sen-
sitive to carbaryl, 1-naphthol and 1-naphthol conjugates
concluded that, when cows were fed on a diet containing
carbaryl, no residues, to the limit of the method, were
found in the milk.

Dorough (1967) and Baron et al. (1969) fed radio-
labelled carbaryl to lactating cows and found very small
amounts of radioactivity in milk and this was proved to be
not from carbaryl. Baron et al. (1969) found that the
radioactivity was incorporated into the lactose of milk.

After oral administration of single doses of 1-naphthyl-
“C-carbaryl at levels of 0.25 and 3.05 mg/kg, approx-



imately 0.35% of each dose was detected in the milk
(Dorough 1970). Maximum concentrations which, foll-
owing the 2 treatments, were 0.063 and 0.95 mg/kg,
respectively, were found in samples taken 6 hours after
dosing. In another study, 1-naphthyl-"“C-carbaryl was fed
to lactating cows at levels of 0.15, 0.43 and 1.35 mg/kg
body weight (equivalent to 10, 30 and 100 ppm in the
feed) for 14 days (Dorough 1971). Equilibrium between
intake and elimination was reached within 2 days of
initiation of the treatment. At each feeding level,
approximately 0.2% of the dose was secreted in the milk.
The concentration of the total “C-carbaryl equivalents in
the milk was 1/400 of that in the diet. Most of the "“C-
residues were in the aqueous phase.

Continuous feeding of 1-naphthyl-"“C-carbaryl to cows
and a single oral dose of the same material demonstrated
that carbaryl residues do not accumulate in the body
tissues (Dorough 1971). Ingested carbaryl is rapidly
metabolised in cows and other animals, 70-80% being
excreted in urine within 24 hours. In a continuous feeding
study in cows, equilibration of total radioactive residues
in milk, urine and feces occurred by the second day.
Within 18 hours after the last of 14 days continuous
feeding, the highest total “C-residues were found in the
kidneys. The lowest residues were found in fat, indicating
that metabolites are not stored in body tissues. The major
components of the residue in tissues were carbaryl,
naphthol, naphthyl sulphate, 5,6-dihydro-dihydroxycar-
baryl and 5,6-dihydro-dihydroxynaphthol. Of the radioac-
tivity appearing in the milk, carbaryl per se comprises less
than 10%. :

Saivaraj et al. (1977) studied the level and fate of
carbaryl residues in maize fodder and after feeding the
fodder to milch cows. Maize plants sprayed with a 0.1%
solution of carbaryl showed an initial concentration of
53 mg/kg. This declined rapidly within 7 days with a half-
life of 1.44 days. Carbaryl residues of up to 0.11 mg/kg
were observed in milk from cows fed the carbaryl-treated
maize at the rate of 60 kg/day. These residues declined

Table 8.6. Acute oral toxicity of carbaryl to animals

rapidly and disappeared within 7 days. This is indicative
of what might be expected when carbaryl-treated grain
was fed to cattle.

Carbary! in doses of 180 mg and 540 mg/kg of body
weight per day was administered to laying White Leghom
hens for 60 consecutive days. No detectable residues of
the insecticide or its naphthol metabolites were found in
the meat when the low dose was administered. Residues
in the meat and histopathological changes in various
organs were found when the high dose was given.
Residues were present in the fat tissue with both the high
and the low dose (Nir et al. 1966).

Following administration of 1-naphthyl-"“C-carbaryl to
hens, total "“C-residues reached a maximum and dis-
sipated at a much faster rate in egg white than in egg yolk.
Paulson and Feil (1969) showed that, following a single
dose of 10 mg/kg, the maximum concentration of "“C-
residues in egg white was 0.12 mg/kg at day one and this
dropped to trace amounts on the second day after
treatment. The yolk residues reached a maximum at the
fifth day (0.36 mg/kg) and had dissipated by the ninth day
(0.03 mg/kg). Under continuous feeding conditions, the
total residue in the yolk or white at each sampling time
was dosage related (Andrawes et al. 1972). Concentra-
tions of "“C-carbaryl equivalents reached a maximum (0. 1
mg/kg from 70 ppm in feed; 0.025 mg/kg from 21 ppm in
feed) in the white after 2-6 days and in the yolk (1.0 mg/
kg from 70 ppm in feed; 0.3 mg/kg from 21 ppm in feed)
after 69 days of dosing and remained level until the end
of the treatment period. At plateau levels, the level of '“C-
carbaryl equivalents in the white was 1/10 that in the yolk;
however, the total equivalents were in the ratio of
5:1 between yolk and white. The ratio of the concentra-
tion of carbaryl in whole eggs (white and yolk) to that in
the diet was 0.006 at equilibration. After discontinuation
of dosing, residues in the whites had a half-life of less
than 1 day; for yolk residues the half life was approx-
imately 2-3 days.

The distribution of carbaryl residues was determined in

Animal Sex Vehicle LD/50 Reference
(mg/kg)

Rats M 10% Tween 80 190 Mellon Institute 1958

M “ 4+ 0.75% NaCl 310 “

M + F 0.25% agar 430610 “

F Corn oil 560 “

M Corn oil 308 “

M Peanut oil 850 Gaines 1960

F Peanut oil 500 “

M + F Sunflower oil 515 Rybakova 1966
Guinea pigs M 0.25% agar 280 Mellon Institute 1958
Dogs M+ F Powder >795
Rabbit M 0.25% agar 707
Mouse M + F Sunflower oil 438 Rybakova 1966
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hen tissues after continuous treatment with either 7, 21 or
70 ppm of 1-naphthyl-"“C in the diet (Andrawes et al.
1972). Tissue residues were directly proportional to the
concentration of carbaryl in the diet. The highest residues
were found in the blood and tissues of high blood content
(liver, kidney, lung and spleen); body fat, brain and
muscles contained the lowest residues.

8.6 Safety to Livestock

In view of the transitory nature of any effects on
cholinesterase inhibition and the rapidity with which
carbaryl is metabolised in animals, including livestock
and poultry, the likelihood of adverse effects from the
consumption of residues of carbaryl on grain or milling
offals is so remote as to warrant no concern. The acute
oral toxicity of carbaryl to laboratory animals is given in
Table 8.6.

Carbaryl in doses of 180 mg and 540 mg/kg of body
weight per day were administered to laying White
Leghorn hens for 60 consecutive days. No noticeable
effects were found (Nir et al. 1966).

Focal loss of striation and fatty infiltration of muscle of
hens were observed at 3 g/kg administered subcutan-
eously. Transient leg weakness for 1-2 days occurred
after 2 g/kg and a nephrotoxic action was observed after 2
g/kg or more. No demyelination was seen (Carpenter ef
al. 1961).

Ghadiri et al. (1967) and Ghadiri (1968) indicated
that carbaryl fed to chickens at 75 to 600 ppm for 3 weeks
caused embryonic deformities.

Khamelevskii (1968) fed carbaryl at levels up to
14 400 ppm to chickens for 6 months with no signs of
toxicity. However, it tended to decrease cholinesterase
activity at this level.

Gaines (1969) reported that the lethal dose of carbaryl
to chickens was 800 mg/kg body weight.

Carbaryl gave no adverse effect when fed to chickens at
levels as high as 500 ppm for 36 weeks (Lillie 1972).

De Witt and Menzie (1972) found that when carbaryl
was fed to quail at 25 ppm or to pheasants at 1000 ppm it
caused a reduction in hatchability.

Lillie (1973) fed caged White Leghorn pullets a breeder
diet supplemented with 250 or 500 ppm malathion and/or
carbaryl. Body weight changes, egg production, egg
weights, specific gravity of eggs, feed consumption,
mortality, fertility, hatchability, embryonic abnormalities
and progeny performance were studied. In the progeny
performance studies, progeny from hens fed 500 ppm
malathion and/or carbaryl were fed a boiler diet sup-
plemented with 500 ppm malathion or carbaryl for a 4-
week period in batteries. The only significant differences
resulting from malathion and or carbaryl supplementation
in the feed were pullet weights and 4-week progeny
weights. The pullet weight gains were significantly
reduced by carbaryl with or without malathion. A
significant growth depression was observed with the
progeny fed carbaryl, irrespective of maternal diet. In a
separate 4-week study, the incorporation of 500 ppm
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malathion and/or carbaryl in the caged Leghorn male diet
exerted no significant changes in the fertility pattern or in
the incidence of sperm and embryonic abnormalities.

Carbaryl was fed to hens at 0, 250 and 500 ppm in the
diet for 36 weeks and to their progeny for 4 weeks at 0 and
500 ppm, either alone or in combination with malathion.
Growth was affected in both parents and chicks, but
reproduction and egg characteristics were not affected. A
study at 500 ppm in males showed no effect on fertility
over a 4-week period. In hens fed carbaryl at 500 ppm for
36 weeks, no effects on hens or progeny were observed
except a slight weight loss and growth depression.
Administration of carbaryl to male Leghorns resulted in
no effects on reproduction (Lillie 1973).

Three groups of sheep commenced feeding on diets
containing 0 (23 sheep), 100 (26 sheep), or 250 (23 sheep)
ppm carbaryl, 4 days prior to pairing. Thirty sheep were
lame at pairing, due to a viral polyarthritis, and thus all
animals were treated with 450 000 units of benzathine
penicillin just after pairing commenced. Incidence of
pregnancy was comparable between groups and resulted
in 25, 22 and 24 offspring (of which 15, 14 and 16 were
delivered by Caesarean section prior to parturition) from
the 0, 100 and 250 ppm levels respectively. Abnormalities
were restricted to the 250 ppm group, where one
Caesarean, and one normal parturition lamb were found to
show intraventricular septal defects in the heart (Panciera
1967).

Carbaryl is a reversible cholinesterase inhibiter. In fact,
the reversal is so rapid that unless special precautions are
taken, measurements of blood cholinesterase of animals
or persons exposed to carbaryl are likely to be inaccurate
and always tending to appear normal. Pyridine-2-aldox-
ime methiodide (PAM), which is a good antidote for some
organophosphorus compounds, is not effective in revers-
ing cholinesterase inhibition by carbaryl. Atropine sul-
phate is effective in controlling symptoms.

The signs and symptoms of carbaryl poisoning in
mammals can be appreciated by examining the results
reported when swine were fed large doses of carbaryl
(Smalley et al. 1969, Smalley 1970). Single oral
treatments of 1000 or 2000 mg/kg bw produced saliva-
tion, vomiting, difficult breathing, central nervous-system
depression, muscle tremors and cyanosis. When 13-week-
old pigs were fed a diet containing carbaryl, 150 to 300
mg/kg bw per day, for up to 12 weeks, intoxication was
evidenced by progressive myasthenia, inco-ordination,
ataxia, and clonic muscular contractions. Continued
exposure of the animals to carbaryl resulted in paraplegia
and prostration.

8.7 Toxicological Evaluation

The toxicology of carbaryl has been reviewed 7 times
by the Joint FAO/WHO Meeting on Pesticide Residues.
Carbaryl is metabolised by a similar route in the rat,
guinea pig, sheep, pig, monkey and man. However, it is
metabolised in a different manner in the dog.



Several studies on the effect of carbaryl on reproduction
were reviewed. No effect on reproduction was observed in
Rhesus monkeys. Studies in several species of animals
showed that administration by gavage is more likely to
affect reproduction than administration in the diet.
Numerous long-term feeding studies using mice, rats and
dogs were considered to provide toxicological data
sufficient for recommending an ADI for man of 0.01 mg/
kg body weight. This was based on no effect levels
determined in rat (10 mg/kg body weight per day) and
man (0.06 mg/kg body weight per day).

8.8 Maximum Residue Limits

Based on the acceptable daily intake established some
years previously and on the basis of information indicat-
ing that carbaryl was needed for the protection of grain,
the 1976 Joint FAO/WHO Meeting of Experts on
Pesticide Residues evaluated extensive information on the
level and fate of carbaryl residues, resulting from both
pre-harvest and post-harvest application of carbaryl to
cereal grains and recommended the following maximum
residue limits. These were designed to cover residues
resulting from either pre-harvest or post-harvest use of
carbaryl. They refer to carbaryl only, excluding
metabolites:
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Commodity Maximum Residue Limits
(mg/kg)

Bran 20
Barley, oats, rice (in husk

and hulled), rye, wheat 5
Sorghum 10
Wholemeal flour 2
Wheat flour (white) 0.2

The residues are determined and expressed as carbaryl.

The level and fate of carbaryl residues in processed
cereal products were summarised in the accompanying
monograph but, in keeping with accepted practice,
separate limits were not proposed for residues in such
processed foods.

The methods recommended for the analysis of carbaryl
residues are those of: AOAC (1980b; 1980c); Pesticide
Analytical Manual (1979¢; 1979¢); Manual of
Analytical Methods (1984); Ambrus et al. (1981). The
following methods are also recognised as being suitable:
Pesticide Analytical Manual (1979d); Methodensam-
mlung (1982, 100); Cohen et al. (1970); Funch (1981);
Lawrence (1977); Mestres ef al. (1979a).



9. Chlorpyrifos-methyl

Chlorpyrifos-methyl is a broad-spectrum organophos-
phorus insecticide of relatively low toxicity and moderate
persistence. It shows reasonably good stability in stored
products such as grains and dried fruits. In these products
it controls a wide spectrum of beetles, weevils, moths and
mites, including several such species which may have
developed resistance towards other insecticides, e.g.
malathion.

Chlorpyrifos-methyl is potent against all storage pests
except resistant Rhyzopertha dominica. It is effective
against moths which are not readily controlled by
malathion. Deposits on grain are stable under most
storage conditions. The deposit does not readily penetrate
into the grain so that more than 90% is removed on the
bran. Of the 10% carried forward into flour, much more
than half is destroyed in cooking. This results in a 98%
reduction between wheat and white bread and an 83%
reduction between wheat and wholemeal bread. Only a
small residue remains in malt after treated barley has been
malted.

9.1 Usefulness
Chlorpyrifos-methyl was first introduced as a poten-

tially useful grain protectant insecticide under the designa--

tion DOWCO 214. It has since been marketed under the
trademark RELDAN.

Quite a lot of the early work was carried out in France
and this led to the registration there of chlorpyrifos-methyl
as an approved grain protectant.

Coulon (1972) published the results of studies involv-
ing 10 new substances belonging either to the organophos-
phorus or pyrethroid group. Chlorpyrifos-methy]l ap-
peared capable of destroying a high proportion of the
insect population and of remaining effective over a
considerable period.

Schulten (1973) considered chlorpyrifos-methyl effec-
tive for controlling Ephestia cautella in stacks of bagged
maize in Malawi.

Morallo-Rejesus and Carino (1974), in a study to
determine the residual toxicity of 5 organophosphorus
insecticides against 2 pests of stored corn, reported
chlorpyrifos-methyl more potent than tetrachlorvinphos,
pirimiphos-methyl, malathion and MIPC against Sito-
philus spp. However, against Rhyzopertha dominica,
chlorpyrifos-methyl was not as effective as tetrachlorvin-
phos. In general, the residual toxicity and the percentage
mortality increased with increase in concentration. Chlor-
pyrifos-methyl had the longest residual activity.
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Coulon and Barres (1975) carried out laboratory
studies on the biological persistence of chlorpyrifos-
methyl against Sitophilus granarius at rates equivalent to
5 mg/kg in the presence of grain with normal moisture
levels.

LaHue (1975a) evaluated chlorpyrifos-methyl, pirimi-
phos-methyl, malathion, fenitrothion as sprays and
malathion as a dust for the control of Sitotroga cerealella
in stored maize. Chlorpyrifos-methyl, pirimiphos-methyl
and fenitrothion were all superior to malathion and gave
good control and protection for up to 8 months.

Bengston ef al. (1975) carried out a very extensive and
detailed comparison of chlorpyrifos-methyl, bioresmeth-
rin and pirimiphos-methyl as grain protectants against
malathion-resistant insects in wheat. Chlorpyrifos-methyl
proved more potent than pirimiphos-methyl and malathion
against all species, although all 3 were relatively weak
against Rhyzopertha dominica. R. dominica could only be
controlled satisfactorily with bioresmethrin. The authors
suggested the use of combinations of chlorpyrifos-methyl
with bioresmethrin for use as a grain protectant, effective
against all species.

The Queensland Department of Primary Industries
(1975) announced that chlorpyrifos-methyl was being
evaluated, along with a number of other insecticides, for
the control of malathion-resistant insect pests, which pose
a major threat to the grain industries. (These materials,
including chlorpyrifos-methyl, are not considered ad-
equately effective against Rhyzopertha dominica and the
addition of bioresmethrin or other synthetic pyrethroid
insecticide appears necessary.)

Bitran et al. (1975) studied the residual effect of 2
pyrethroids and chlorpyrifos-methyl in coffee.

LaHue (1976) compared the performance of chlor-
pyrifos-methyl, pirimiphos-methyl and fenitrothion with
malathion as broad-spectrum grain protectants of seed
corn over a 21 month period. For the first 4 months after
treatment and for the eighth and sixteenth month, the seed
corn was kept in cold storage to represent conditions
prevailing throughout the corn growing area of the USA.
Chlorpyrifos-methyl, applied at the rate of 6.7 mg/kg,
was outstandingly effective against Sitophilus oryzae,
Sitophilus zeamais and Sitophilus granarius over the first
16 months but thereafter the mortality of adult insects
declined. However, no progeny were produced and no
damage occurred in the corn seed.

LaHue and Dicke (1976a, b) evaluated chlorpyrifos-
methyl, pirimiphos-methyl and fenitrothion against
malathion for preventing insect attack on high-moisture



sorghum grain. Six insect pests were involved. Chlor-
pyrifos-methyl gave excellent protection for 12 months,
and it was the most effective treatment against Rhyzoper-
tha dominica in bioassays conducted at the termination of
the study. Pirimiphos-methyl was rated slightly superior
against other species.

Morallo-Rejesus and Carino (1976a, b) evaluated the
residual toxicity of 5 insecticides on 3 varieties of com
and sorghum under conditions prevailing in the Philip-
pines. Application was at the rate of 10, 20, 30 and
50 mg/kg. Pronounced differences in the susceptibility of
the test insects to the insecticides were noted. Chlor-
pyrifos-methyl was effective against Sitophilus zeamais
and Rhyzopertha dominica, showing a longer residual
activity on both maize and sorghum than the other
insecticides.

Bengston ‘et al. (1978b, 1979a, 1979b) reported the
results of extensive field trials to compare chlorpyrifos-
methyl against 4 other organophosphorus insecticides for
the control of malathion-resistant insects infesting wheat
in Australia. It proved particularly effective, comparing
well with both fenitrothion and pirimiphos-methyl.
However, none of the materials was considered ad-
equately effective against Rhyzopertha dominica without
the addition of an insecticide specifically effective against
this insect.

Field tests carried out with a range of grain protectants
for seed corn against eight common stored-product pests
showed chlorpyrifos-methyl to be second only to pirimi-
phos-methyl in effectiveness when applied as an emulsion
spray (L.aHue 1977c).

LaHue and Dicke (1977) reported similar studies
against stored-grain insects attacking wheat. The results
were generally similar to those on maize.

Chlorpyrifos-methyl was among 6 insecticides
evaluated in Malaysia against stored-product insects
(Loong Fatt Lim and Sudderuddin 1977). It proved
particularly effective being more potent at 28°C than at
18°C.

LaHue (1977d) applied chlorpyrifos-methyl to clean
wheat as a water emulsion at doses ranging from [—-10 mg/
kg and checked the effectiveness of residues in samples
withdrawn at intervals during a 12 month storage. These
showed that initial applications of 3 mg/kg or more
controlled Sitophilus oryzae, Sitophilus granarius and
Sitophilus zeamais; however, 8 mg/kg was required to
control 90% of Rhyzopertha dominica, 83% of Tribolium
confusum, and 98% of Tribolium castaneum, 12 months
after application.

Desmarchelier (1978c) used a series of mathematical
expressions to describe and interpret biological and
chemical residue data obtained from a series of ex-
periments in which chlorpyrifos-methyl, pirimiphos-
methyl and dichlorvos were applied, in a range of
concentrations to wheat which was held at 20°C, 25°C and
30°C and tested over a period of 12 weeks. The
experiments were designed to test 9 predictions derived
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from the mathematical expressions and related to the loss
of insecticidal activity with time. The rapid initial loss of
toxicity is attributed to rapid loss of chlorpyrifos-methyl
from the surface of the grain kernels.

Quinlan (1978) compared chlorpyrifos-methyl and
malathion as protectants for high-moisture stored wheat
held in plywood bins. The wheat was sampled at various
intervals over a 9-month period to examine for live insects
present and for bioassay. Chlorpyrifos-methyl was found
to be the more effective of the two and no live insects
were found in grain treated with this compound during the
9-month observation period.

A laboratory evaluation of malathion, chlorpyrifos and
chlorpyrifos-methyl, for use against beetles infesting
stored wheat (Williams et al. 1978), showed chlor-
pyrifos-methyl to be the most toxic compound to the 5
species tested.

In discussing the residual behaviour of chemicals on
stored grain, Desmarchelier and Bengston (1979a, b)
stated that chlorpyrifos-methyl at the rate of 10 mg/kg
was satisfactory for all species except Rhyzopertha
dominica and that the cost of such treatment is of the order
of 8 cents per tonne.

Bengston and Desmarchelier (1979) stated that chlor-
pyrifos-methyl used at the rate of 10 mg/kg was effective
against most species but not against resistant Rhyzopertha
dominica, which required the addition of bioresmethrin
(1 mg/kg) or similar pyrethroid.

Quinlan et al. (1979) evaluated the effectiveness of
chlorpyrifos-methyl and malathion as protectants for high-
moisture stored wheat in the USA and found that
chlorpyrifos-methyl was more effective than malathion
throughout a 9-month period in controlling insects on
14.6% moisture wheat. It also persisted longer on the
wheat than did malathion.

Al-Saffar and Kansouh (1979) carried out a survey of
stored-grain insects in wheat silos at Mosul, Iraq. The
more abundant species in wheat was Trogoderma gran-
arium which was present in more than 50% of the
samples. In a series of toxicity tests with a variety of
insecticides, chlorpyrifos-methyl proved to be the most
toxic to larvae of Trogoderma granarium.

Coulon et al. (1979a) compared the activities of
methacrifos and chlorpyrifos-methyl against Sitophilus
granarius. Methacrifos was slightly more effective than
chlorpyrifos-methyl in controlling Sitophilus granarius
when applied to infested wheat at 2.5 mg/kg. When
applied preventatively 2.5 mg/kg chlorpyrifos gave an 18-
month protection whereas methacrifos protected the wheat
only for 6 months.

Coulon et al. (1979b) studied the residual activity of
methacrifos and chlorpyrifos-methyl applied to wheat and
showed that at least 1.8 mg/kg of chlorpyrifos-methyl was
required to be present on the grains to prevent infestation
by Sitophilus granarius. To achieve this level at the end of
9 months requires the application of 4 mg/kg when the
wheat is put into store.




Bengston et al. (1980a) reported extensive field trials
with various insecticide combinations applied to bulk
wheat in commercial silos throughout Australia. Samples
of treated grain were subjected to laboratory bioassay at
intervals over 8 months. Chlorpyrifos-methyl (10 mg/kg)
plus bioresmethrin (1 mg/kg) proved effective against all
species, completely preventing the production of progeny.

The effectiveness of chlorpyrifos-methyl, pirimiphos-
methyl and fenitrothion was compared with that of
malathion as protectants against insect pests of stored rice
(Cogburn 1981), and attention was drawn to the advan-
tages of using an encapsulated formulation.

Viljoen et al. (1981a) reported the results of a series of
trials to evaluate the protection against re-infestation of
maize and groundnuts in bag stacks. Small bag stacks of
maize and groundnuts in the open and in a shed in South
Africa were sprayed with various contact insecticides
directly after fumigation and thereafter at intervals of 4
weeks. A sample was taken to determine the degree of
damage caused by insects to the kernels, and the rest of
the sample was kept for 2 months in order to note the
numbers of insects that developed in them. Chlorpyrifos-
methyl was slightly less effective against Ephestia
cautella and Plodia interpunctella than were tetra-
chlorvinphos and a mixture of diazinon with pyrethrins
but more effective than these materials against Tribolium
castaneum. These workers considered that chlorpyrifos-
methyl was the ideal substitute for malathion for bag-stack
spraying.

(Dow 1981) published a summary of some of the data
available on the biological activity of chlorpyrifos-methyl
against stored-product insects in Indonesia.

Barson (1983) reported the results of a series of
experiments to determine the effects of temperature and
humidity on the toxicity of chlorpyrifos-methyl to adult
Oryzaephilus surinamensis. The toxicity, to a UK
laboratory susceptible strain and a resistant strain origin-
ally from India, of water-dispersable powder formulations
of chlorpyrifos-methyl under constant conditions of 25°C
and 70% r.h. were compared to the toxicities when the
pests were exposed to a diurnal cycle of 12.5°, 20°,
12.5°C and 70%, 50%, 70% r.h. to simulate storage
conditions in the UK during spring and autumn. The
insecticide was more effective at 25°C and 70% r.h. The
LD/50 value for the susceptible strain was 4.4 and 1.4 mg/
kg/m? at 12.5-20°C and 25°C respectively. The LD/50
values obtained from the two sets of environmental
conditions for the resistant strain differed by a factor of
1.8. Toxicity tests were also made with chlorpyrifos-
methyl under various constant conditions of temperature
and humidity from 5-30°C at 5°C intervals and 30, 50, 70
and 90% 1.h., and also at 0°C and 60% r.h. Chlorpyrifos-
methyl was very effective and there was little or no cross-
resistance to it in the resistant strain. From 15°C to 30°C,
mortality was high and the differences in mortality at the
LD/50 level for the various humidities were slight, but
there was a decrease in the mortality with decreasing
humidity at any one temperature, in particular at 5°C,
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50% and 70% r.h. and at 10°C and 50% r.h. Chlorpyrifos-
methyl was more toxic to both strains at the highest
humidity (90%) throughout the whole temperature range.
The LD/50 values for each strain decreased at each
temperature as the water vapour concentration was
increased.

Duplicate field experiments were carried out in com-
mercial silos containing sorghum (Bengston et al.
1983a). Five combinations of organophosphorus and
pyrethroid insecticides were used, including chlorpyrifos-
methyl (10 mg/kg) plus pyrethrum (1.5 mg/kg). Bioas-
says of treated grain conducted during 6 months storage
established that chlorpyrifos-methyl (10 mg/kg) con-
trolled prevalent strains of Sitophilus oryzae, Tribolium
castaneum and Ephestia cautella but not Rhyzopertha
dominica. Carbaryl proved an effective additive against
R. dominica but at the rates used pyrethrum and the
pyrethroids were only partially effective.

Golob et al. (1985) treated Prostephanus truncatus
adults with chlorpyrifos-methyl by topical application, by
exposure to treated filter papers, and by exposure to maize
grain treated with dilute dust formulations. They com-
pared its performance with that of 7 other grain protectant
insecticides. Chlorpyrifos-methyl out-performed the other
organophosphorus insecticides but was inferior to per-
methrin. Chlorpyrifos-methyl treated maize showed the
lowest percentage weight loss at different sampling
intervals up to 10 months after treatment.

9.2 Degradation

LaHue (1974) was one of the first to publish informa-
tion on the degradation of chlorpyrifos-methyl deposits on
grain. He showed that a deposit of 6 mg/kg of chlor-
pyrifos-methyl, applied to wheat with 12.5% moisture,
stored at a temperature of 27°C, declined to 2.7 mg/kg in
6 months and 1.6 mg/kg in 12 months. This was
substantially the same as the rate of decline of the deposits
of malathion and fenitrothion in the same trial but
considerably more rapid than pirimiphos-methyl. Paraliel
trials carried out on maize with 12.5% moisture, stored at
27°C under identical conditions showed a similar rate of
decline for chlorpyrifos-methyl and malathion but, in the
case of fenitrothion, the degradation was significantly
more rapid. Deposits of the same insecticides, applied to
sorghum with 17.6% moisture, decomposed at rates
comparable to those found on wheat and maize, except in
the case of malathion where the rate of degradation was
considerably more rapid on the sorghum.

In his Review of the World Literature on the Metabol-
ism of Insecticides in Grain, Rowlands (1975) noted that
for the period 1970-74 there had been no published work
on the metabolism of chlorpyrifos-methyl in grain.
Rowlands and Wilkin (1975) found in laboratory tests
that an initial treatment of 10 mg/kg applied to wheat of
14 and 18% moisture and stored at 20°C for 6 months had
degraded by some 15 and 35% respectively. Breakdown
products identified included dimethyl phosphorothioate,



3,5,6-trichloro-2-pyridinol, and the O-dimethyl derivative
of the parent compound.

Bengston et al. (1975), carried out experiments in
which treated wheat was stored under conditions typical
of bulk storage in the field, following the application of
chlorpyrifos-methyl at the rate of 2 mg/kg and 4 mg/kg.
They estimated the half-life at 19.6 and 18.2 weeks
respectively when applied to wheat of 12% moisture and
an initial temperature of 30°C. Parallel experiments
indicated the half-life of malathion to be half that of
chlorpyrifos-methyl. Pirimiphos-methyl on the other hand
showed a half-life of the order of 45 weeks.

Deahl and Tucker (1974,1975) reported results of a
study in which 1000 tonnes of wheat were treated with
chlorpyrifos-methyl at the rate of 6 mg/kg as it was put
into storage at a silo in Queensland. Grain samples were
drawn from 3 depths at 1, 6, 11, 16, 22, and 26 weeks
after treatment. The residue, 1 week after treatment, was
found to be 3.7 mg/kg declining gradually to 2.2 mg/kg at
16 weeks and 1.5 mg/kg at 26 weeks.

LaHue (1975a) reported the results of a study of the
control of infestation in shelled corn by Sitotroga
cerealella with chlorpyrifos-methyl in comparison with 4
other insecticides. Chlorpyrifos-methyl was applied as an
aqueous emulsion at the nominal rate at 6.7 mg/kg. The
grain was sampled after 24 hours and at the end of each
month during 8 months storage. Analysis revealed that the
deposit of 6.1 mg/kg at 24 hours had declined to 5 mg/kg
after 1 month, 4 mg/kg after 3 months, 2.3 mg/kg after 6
months and 1.9 mg/kg after 8§ months. This corresponded
very closely to fenitrothion.

LaHue and Dicke (1976a) who evaluated selected
insecticides applied to high-moisture sorghum grain,
found that about 27% of the initial chlorpyrifos-methyl
deposit remained on the sorghum at the end of 12 months.

Morallo-Rejesus and Carino (1976b) who tested the
residual toxicity of 5 insecticides on 3 varieties of corn
and sorghum under typical Philippine conditions reported
that chlorpyrifos-methyl had the longest activity of any of
the 5 insecticides on both maize and sorghum.

Quinlan (1978) studied the effectiveness of chlor-
pyrifos-methyl against insect infestation in 1.5 tonne lots
of wheat (14.6% moisture) stored in plywood bins. The
half-life of the chlorpyrifos-methyl residues was deter-
mined to be 4.4 months, whereas the half-life of
malathion was 1.7 months.

Banks and Desmarchelier (1978) pointed out that the
loss of chlorpyrifos-methyl and many other insecticides
from grain follows pseudo first-order reaction kinetics.
They stated that laboratory and field studies are in
reasonable accord for all compounds.

Desmarchelier (1978¢) made a mathematical examin-
ation of data from a number of extensive trials to measure
the availability to insects of aged insecticide deposits on
wheat. Chlorpyrifos-methyl was one of three insecticides
which served as models in these studies. He came to the
conclusion that the loss of insecticidal activity is, at least
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on occasions, more rapid than the loss of chemical
residues. He proposed that the quantitative measurement
of loss of activity, coupled with quantitative measurement
of loss of residues, should be used as an extra tool in the
evaluation of grain protectants. It was proposed that
preference be given to protectants which showed a low
loss of activity relative to loss of residues or alternatively,
that several small applications of a protectant might
replace a single large application so that a desired
insecticidal activity could be achieved with a minimum
chemical residue. The author came to the conclusion that
chlorpyrifos-methyl at 2 mg/kg is superior to malathion at
4 mg/kg.

Desmarchelier and Bengston (1979a, 1979b) in
discussing the residual behaviour of chemicals in stored
grain, pointed to the desirability of increasing the residual
effectiveness of grain protectants by partial drying and
cooling. Chlorpyrifos-methyl was used as an example in
these studies since it had a high insecticidal activity,
moderately long residual life and a relatively high rate of
change in degradation with respect to increasing tem-
perature. Again the half-life at 30°C and 50% relative
humidity was stated to be 19 weeks.

Studies of the effectiveness of chlorpyrifos-methyl and
malathion as protectants for high-moisture stored wheat
(Quinlan et al. 1979), showed that chlorpyrifos-methyl
residues declined from 7.3 mg/kg to 2.7 mg/kg over a
period of 9 months when applied to wheat of 14.6%
moisture content. From the data the authors calculated the
half-life to be 18 weeks, the average temperature being
16.6°C.

Tempone (1979), studying the effects of grain-protec-
tant insecticides on barley malting and vice versa,
reported rather erratic residue data obtained by analysing
barley treated with chlorpyrifos-methyl in a number of
trials and held in storage for periods up to 9 months. The
rate of loss appeared to be considerably greater than that
reported for other grains by other authors and the studies
were to be repeated.

Coulon et al. (1979a) compared the activities of
methacrifos and chlorpyrifos-methyl used in the
laboratory against Sitophilus granarius. They reported
that chlorpyrifos-methyl, applied preventively at the rate
of 2.5 mg/kg, gave a 18-month-lasting protection whereas
methacrifos protected the wheat for only 6 months.
Coulon et al. (1979b) reported that when chlorpyrifos-
methyl was applied to wheat stored in silos, 35% of the
original deposit had disappeared after 9 months of
storage.

Desmarchelier ef al. (1980b) studied the rates of decay
of 5 insecticides, including chlorpyrifos-methyl applied to
wheat, under field conditions and in commercial silos.
The decay of each compound was studied over 6 months
at 3 depths within the wheat bulk. The experimental
results conformed closely to the results predicted from a
mathematical model based on temperature of the grain and
interstitial moisture with a constant applicable to each



insecticide. The half-life of chlorpyrifos-methyl at 30°C
was 18.6 weeks.

Bengston et al. (1980a) reporting the results of field
trials with various insecticide combinations, carried out
on bulk wheat in commercial silos in widely scattered
regions of Australia, reported that the breakdown of
residues agreed with and extended the results of the
previous study (Desmarchelier et al. 1980). The actual
rates of breakdown of individual compounds, including
chlorpyrifos-methyl, were consistent with earlier data
when adjustments were made for prevailing grain tem-
peratures and moistures according to the principles set out
for fenitrothion by Desmarchelier (1978a).

The Joint FAO/WHO Meeting of Experts on Pesticide
Residues (FAO/WHO 1976) referred to a number of
studies on the degradation of chlorpyrifos-methyl on
stored grains but at the time the studies were reviewed in
1975 they were all in the form of unpublished reports. It
seems as though all of the information has since appeared
in open scientific literature.

Bengston ef al. (1983a) who studied the effect and fate
of a range of insecticide mixtures, applied to sorghum of
12.6% moisture content and at 28.4°C, held in bulk
storage under semi-tropical conditions, found that re-
sidues of chlorpyrifos-methyl declined from 7 mg/kg to
2.8 mg/kg in 24 weeks. The authors reported that rates of
breakdown on sorghum conform to the general pattern for
other cereal grains.

Cogburn et al. (1983) showed that rice in husk treated
with chlorpyrifos-methyl and stored in galvanised metal
farm bins remained free of infestation from all species for
12 months whereas most other treatments allowed infesta-
tion to develop during early periods of storage.

Sun et al. (1984), studying the effect of degradation of
insecticides on the survival and reproduction rate of
Sitophilus zeamais reported that chlorpyrifos-methyl de-
graded slowly under conditions prevailing in Taiwan.

Rowlands (1985) reported that Adams (1985) had been
able to show that individual grains treated topically at 4.5
mg/kg with “C-chlorpyrifos-methyl lost 80-90% of the
dose from unsealed containers within 7 days; no radioac-
tive materials were recovered from the walls of the glass
vessels. He also showed that in a sealed container,
chlorpyrifos-methyl was transferred from both grain and
paper to the inner surface of the vial and that quite rapid
degradation to 3,5,6-trichloro-2-pyridinol occurred there.
He was further able to suggest that the glass was the major
catalyst responsible for the breakdown.

Rowlands (1985), in discussing the techniques for
studying the degradation of insecticides on grain, cited
recent experience in the UK where a 25 tonne bulk of
wheat was treated at 4.5 mg/kg with chlorpyrifos-methyl
to compare directly the breakdown of the insecticide on
this scale with that in 1 kg of the same wheat stored under
laboratory conditions. The aim was to determine how far
the laboratory study, which used radio-labelled insec-
ticide, could reflect the practical scale of treatment.
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Samples were taken from the concurrent experiments at
monthly intervals and were extracted and analysed using
the same procedures. The apparent rate of degradation of
chlorpyrifos-methyl proved similar in both bam and
laboratory experiments with some 70% of the applied
dose of insecticide still recoverable after 5 months
storage. Of the apparent loss, very little could be detected
as discrete metabolic products. Traces of the 3,5,6-
trichloro-2-pyridinol were detected after 3 months and
0.12 mg/kg of this compound was detected in the field
samples at the 5 month termination compared to 0.14 mg/
kg in the laboratory. Unextractable or ‘bound’ radioac-
tivity remaining in the grain tissues gradually increased
throughout the storage period (15% at 5 months) and at
the termination point (14 months) accounted for 29.4% of
the total applied activity. The nature of this unextractable
material is being studied but obviously it results from a
significant process continuously taking place during
storage. The levels of the free metabolites were insig-
nificant and intact chlorpyrifos-methyl accounted for the
rest of the applied dose which was recovered.

Wetters and McKeller (1985) presented the results of
a study of the fate of chiorpyrifos-methyl residues in
barley, oats, rice, sorghum and wheat which was stored at
room temperature (temperature not stated) for 28 days
after being sprayed with chlorpyrifos-methyl emulsion at
the rate of 6 mg/kg. The amount recovered by analysis
immediately following treatment ranged from 4.2 to 6.2
mg/kg, the mean being 5.2 mg/kg, 86% of the target rate.
After 28 days storage the residues ranged from 3.6 to 5.2
mg/kg, the average representing a loss of 28% of the
original deposit found by analysis. The records are
summarised in Table 9.1.

Table 9.1. Residues of chlorpyrifos-methyl on grain
after storage (Wetters and McKellar 1985)

Grain Residues (mg/kg)
28 days
Day of treatment after treatment

Barley 4.2 4.1
QOats 5.2 3.6
Rice in husk 5.5 4.4
Sorghum 6.2 4.1
Wheat 4.8 5.2

9.3 Fate in Milling, Processing and Cooking

Morel (1975), working in France carried out a trial in
which wheat was treated with chlorpyrifos-methyl at the
rate of 1.25, 2.5 and 3.75 mg/kg. After 4 days, samples
of the wheat were cleaned and milled with an extraction
efficiency of 67.5%. The results of these studies are set
out in Table 9.2. The white flour was converted into
bread which, when analysed was found to contain
chlorpyrifos-methyl residues only at the limit of determin-
ation.



Table 9.2 Residues* (mg/kg) of chlorpyrifos-methyl after milling and baking (Morel 1975)

Application Deposit found Flour Middlings Bran Bread
rate in wheat (a) (b)
1.25 0.52 0.16 1.40 0.96 0.01
2.5 0.92 0.22 2.17 1.65 0.01
3.75 1.05 0.30 3.30 221 0.02

*Limit of determination 0.01 mg/kg
(a) Efficiency of milling process = 67.5% extraction
(b) Bread contains 33% moisture after cooling

Bulla and LaHue (1975) in the USA determined the
effect of milling and fractionation of wheat containing 6.3
mg/kg of chlorpyrifos-methyl. After 3 or 6 months storage
most of the residue was found on the outside (‘red dog’ or
bran) fractions. The residues in the flour contained less
than 1 mg/kg (0.53-0.39 mg/kg) chlorpyrifos-methyl.
Flour samples containing 0.53 and 0.39 mg/kg chlor-
pyrifos-methyl were baked into bread which contained
0.21 and 0.16 mg/kg chiorpyrifos-methyl, respectively,
showing 60% reduction in residue due to baking.

In the data evaluated by JMPR (FAO/WHO 1976),
several studies revealed that over 90% of the residues on
the whole wheat remained in the outer bran and coarse
middlings and were removed during the preparation of
flour. Bread baking reduced the remaining residues
further by about 60%. Thus, grain with a chlorpyrifos-
methyl residue in the range 6-7 mg/kg produced white
bread containing 0.2-0.3 mg/kg of chlorpyrifos-methyl.
These data are summarised in Table 9.3.

The data from Table 9.3 had been used to determine

the percentage reduction in chlorpyrifos-methyl residues
in each step of the process of converting wheat to bread.
These are set out in Table 9.4.

Table 9.4. Percentage reduction in chlorpyrifos-methyl
residues on milling and baking

Process of converting % reduction in residues
Wheat to bread — Wholemeal 83
— White 98
Wheat to flour — Wholemeal 67
— White 94
Flour to bread — Wholemeal 47

— White 37

Desmarchelier ef al. (1980b) reported a collaborative
study to determine the rates of decay and the fate of
residues of 5 organophosphorus insecticides including

Table 9.3. Chlorpyrifos-methyl residues in milled wheat fractions and bread

Residues (mg/kg) in

Bread

Ageing Pollard

period Whole wheat ‘Red dog’ Bran (or middling) Flour Wholemeal White
USA (Bulla and LaHue 1975)

3 months 6.3 mg/kg* 6.5 5.0 0.53 0.21
6 months 6.3 mg/kg* 33 3.0 0.39 0.16
France (Morel and Gallet 1975)

6 weeks 4.3 1.4 0.26

9 weeks 1.6-1.8 mg/kg* 2.96 1.46 0.22

14 weeks 3.92 1.60 0.29

17 weeks 3.55 1.61 0.23
Australia (Bengston et al. 1975; Desmarchelier 1975a)

6 weeks 6.7-6.9 mg/kg = 7.6-8.8 2.6-3.2 0.38-0.38 1.11-1.17 0.25-0.28
11 weeks 3.6 mg/kg - 9.3 9.0 0.6 - 0.2
11 weeks 2.0 mg/kg - 5.2 4.6 <0.10 - <0.12
22 weeks 1.8 mg/kg - 6.6 3.6 0.4 - 0.13

*Treatment levels
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chlorpyrifos-methyl. Wheat held inr bulk storage for 11
and 22 weeks, following treatment with chlorpyrifos-
methyl at the rate of 5 mg/kg, was milled through a
conventional roller mill and portion of the flour was
converted into white bread. The residues determined in
the various fractions are set out in Table 9.5.

Table 9.5. Residues of chlorpyrifos-methyl determined
following milling and baking tests on wheat
from two trials lasting 11 and 22 weeks
(Desmarchelier et al. 1980b)

Residues (mg/kg) in each fraction
of wheat treated

Milling

fraction 11 weeks before 22 weeks before
milling milling

Whole grain 2.0 1.8

Bran 52 6.6

Pollard 4.6 3.6

Flour 0.1 0.4

White bread 0.1 0.13

Tempone (1979) included chlorpyrifos-methyl with 6
other insecticides in studies designed to determine the
effects of insecticides on barley malting and vice versa.
However, the data on chlorpyrifos-methyl are difficult to
interpret and the work obviously needs to be repeated.

Barley grain treated with chlorpyrifos-methyl at the rate
of 6 mg/kg was stored at a temperature of 20—22°C for 28
days (Wetters 1980). The grain was then malted and
brewed into processed fractions, which were analysed for
chlorpyrifos-methyl and 3,5,6-trichloro-2-pyridinol. The
results are set out in Table 9.6. This indicates that
virtually 100% of the chlorpyrifos-methyl deposit on
barley is destroyed in the process of malting and brewing.

Table 9.6. Residues of chlorpyrifos-methyl and 3,5,6-
trichloro-pyridinol in barley malting and
brewing fractions following treatment with
chlorpyrifos-methyl (Wetters 1980)

Residues (mg/kg)

Commodity Chlorpyrifos-methyl 3,5,6-trichloro-

Wetters and McKeller (1985) presented results of
laboratory trials with the processing of barley (to malit and
beer), oats (to oat flakes), rice (to white rice) and wheat
(to flour and cookies). When oats were converted into oat
flakes (rolled oats), 76% of the residues were removed
even prior to the cooking process to which oat flakes are
always subjected (Table 9.7). Likewise 86% of the
residues on rough rice (rice in husk) disappeared in the
preparation of white rice (Table 9.8). This too would be
subjected to wet cooking before consumption. Sorghum
did not lose quite as much of the residue in the preparation
of sorghum flour where 74% of the amount on the raw
grain remained (Table 9.9). In the case of wheat the
residue was mainly removed in the bran, shorts and red
dog fractions leaving only 8% in the white flour. This was
further degraded by 50% in the baking of cookies (Table
9.10). In a separate experiment it was shown that about
80% of the chlorpyrifos-methyl residues in white flour
were destroyed in the baking of white bread. Some of the
residue was converted to the pyridinol which remained in
the bread (Table 9.11). From these results it can be
calculated that over 97% of the residue on wheat grain is
removed or destroyed before the grain-based food reaches
the consumer.

Table 9.7. Residues of chlorpyrifos-methyl and 3,5,6-
trichloro-2-pyridinol on oats subjected to
processing (Wetters and McKeller 1985)

Residues (mg/kg)

Grain Yield

fraction %  Chlorpyrifos-methyl pyridinol
Oats 100 3.6 1.3
Hulls 23.4 10.0 N.D.
Groats 65.3 1.1 N.D.
Flakes - 0.87 N.D.
Disc Rejects 5.2 1.2 <0.1
Light Oats 0.3 16.0 0.15
Dust 0.2 61 26

Table 9.8. Residues of chlorpyrifos-methyl and 3,5,6-
trichloro-2-pyridinol on rice subjected to

2-pyridinol processing (Wetters and McKeller 1985)
Barley at application 6.0 - Residues (mg/kg)
Barley at malting 4.1 0.9 Grain Yield
Malt 0.28 1.2 fraction %  Chlorpyrifos-methyl pyridinol
Spent grains 0.39 0.13
Filter aid <0.01 0.22 Rice in husk 100 4.4 0.16
Yeast N.D. 1.1 Hulls 15 4.5
Malt cleanings 0.23 1.8 Brown rice 0.89 0.10
Cleaner overs 2.4 <0.01 White rice 0.62 N.D.
Cleaner thrus 19 22 Bran 2.0 2.0
Beer <0.01 0.15 Grits 2.2 N.D.
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Table 9.9. Residues of chlorpyrifos-methyl and 3,5,6-
trichloro-2-pyridinol on sorghum subjected to
processing (Wetters and McKeller 1985)

Residues (mg/kg)

Grain Yield

fraction %  Chlorpyrifos-methyl pyridinol
Sorghum 100 4.1 0.25
Flour 68.4 1.1 N.D.
Bran 13.8 10 1.0
Screenings 0.1 31 24
Shorts 13.8 5.8 0.26
Germ 3.9 12 N.D.

Table 9.10. Residues of chlorpyrifos-methyl and 3,5,6-
trichloro-2-pyridinol on wheat subjected to
malting (Wetters and McKeller 1985)

Residues (mg/kg)

Grain Yield

fraction %  Chlorpyrifos-methyl pyridinol
Wheat 100 5.2 0.1
Flour 70.4 0.41 N.D.
Bran 254 11 2.4
Shorts 2.7 17 1.5
Red Dog 1.2 6.9 1.6
Germ - 14 2.0
Cookies - 0.22 N.D

Table 9.11. Residues of chlorpyrifos and 3,5,6-tri-
chloro-2-pyridinol  residues in wheat flour
and bread (Wetters and McKeller 1985)

Time from Residues (mg/kg)

treatment to

Product

milling (weeks) Chlorpyrifos-methyl pyridinol

Flour 0 1.3 N.D.
1.3 N.D.

4 0.95 N.D.

0.90 N.D.

Bread 0 0.22 0.26
0.26 0.25

4 0.17 0.18

0.17 0.20

9.4 Metabolism

Three studies of the metabolism of chlorpyrifos-methyl
in rats and sheep were evaluated by JMPR (FAO/WHO
1976). It appears as though the metabolism follows
identical pathways to that already demonstrated for
chlorpyrifos.

The absorption, excretion and distribution of 2,6-"C-
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ring-labelled chlorpyrifos-methyl in rats was studied by
Branson and Litchfield (1971). Single oral doses of
16 mg/kg (3.2 mg/200 g rat) were found to be rapidly
adsorbed and eliminated. The highest blood levels (2—4%
of dose) occurred 5 hours post-treatment. This blood level
pattern suggested a rapid clearance from the body, 90—
94% of the dosage was eliminated from the body in 72
hours. The principal routes of elimination were as
follows: urine 83-85%, feces 7-9%, and respired air
0.23-0.43%. The maximum amount of the 16 mg/kg dose
remaining in the tissues by 72 hours was 0.65-1.3% of
administered “C. Levels of C calculated as chlorpyrifos-
methyl equivalent in 18 tissues, including fat, were low in
all cases (less than 1 ppm). The experimental method was
sensitive to 1 ppb "“C-chlorpyrifos-methyl equivalent with
radioactive recoveries around 93%.

About 0.23-0.43% of the administered "“C-chlor-
pyrifos-methyl was eliminated as CO,, which demon-
strated in vivo ring breakage to small carbon fragments.
The major urinary metabolite -was 3,5,6-trichloro-2-
pyridinol. The only other detectable radioactivity in
autoradiograms of the rat urine was at the origin. The
possibility of urinary conjugates was not studied (Bran-
son and Litchfield 1971).

In a study designed to determine whether chlorpyrifos-
methyl accumulated in tissues, ring labelled '“C-chlor-
pyrifos-methyl was fed to 10 rats at 2.0 mg/kg/day for 7
days. Treatment was stopped on day 7 as the animals had
reached equilibrium on intake and output of “C activity.
Analysis of tissues from 6 rats sacrificed on day 7 of
treatment showed chlorpyrifos-methyl residues of 0.148
* 0.024 ppm in hind leg subcutaneous fat, 0.135 =+
0.045 ppm in cervical brown fat and 0.052 * 0.023 ppm
in hind leg muscle. On the eighth day of the study, 24
hours post-exposure, analysis showed 0.012 ppm chlor-
pyrifos-methyl residue in the hind leg subcutaneous fat of
one animal and no residues above the limit of detection
(0.01 ppm) in the other tissues (Branson and Litchfield
1971).

See Section 9.5 for a review of study in sheep (Bakke
and Price 1975).

Based on the results of these metabolic studies, there
does not appear to be sequestering or accumulation of
orally administered chlorpyrifos-methyl in the fat of
experimental animals, nor is it stored as are certain
chlorinated insecticides.

The principal metabolite of chlorpyrifos-methyl is the
same as that for chlorpyrifos, namely, 3,5,6-trichloro-2-
pyridinol. The metabolism of this pyridinol in rats and
fish was summarised in FAO/WHO (1973). (Smith et al.
1970).

Nakajima ef al. (1974) studied the behaviour of “C-
labelled chlorpyrifos-methyl by means of whole-body
autoradiographs of rats receiving single oral doses of
about 24 mg/kg. Autoradiograms were taken periodically
0.5,1,3,5, 7,24, 72 and 120 hours after administration.
The highest “C concentrations were usually in the blood.



Residues were noted in extremely low concentrations in
the kidney, liver, intra-intestinal feces and fat at 72 hours
and eliminated from the whole body 120 hours after
administration.

Rowlands and Wilkin (1975), tentatively identifying
the breakdown products of chlorpyrifos-methyl on wheat,
included dimethyl phosphorothionate, 3,5,6-trichloro-2-
pyridinol, and the O-desmethyl derivative of the parent
compound.

Rowlands (1985) refers to work by his collegue
Adams (1985) who has confirmed the free pyridinol and
an unidentified more-polar compound as the only detecta-
ble metabolites from “C-chlorpyrifos-methyl during 14
months storage. A large amount (about 30% of the total
radioactivity applied) of radio-labelled material that was
not extractable by conventional solvent blending or acid
digestion remains to be identified.

9.5 Fate in Animals

Johnson et al. (1974) reported an extensive trial in
which the persistence of chlorpyrifos-methyl in corn
silage and the effects of feeding dairy cows the treated
silage were studied. Corn sprayed in the field was ensiled
1 day later and the residues of chlorpyrifos-methyl and its
metabolites, determined in the silage through 83 days of
ensiling, were 76% of that applied. Beginning 83 days
post ensiling, silage was fed to cows for 42 days during
which chlorpyrifos-methyl averaged 1.85 ppm and was
stable in the silage. Residues intake, amounting to 0.054
mg chlorpyrifos-methyl’kg body weight daily, failed to
affect silage intake, milk production, blood cholinesterase
activity, or body weight gains. Traces of chlorpyrifos-
methyl (0.003 mg/kg or less) were found in milk from
cows on the highest treatment. Milk from all cows fed
treated silage contained traces of the pyridinol (0.011 mg/
kg or less). No trace of the O-analogue of chlorpyrifos-
methyl was found in any samples and all milk, urine and
feces were free of residues within 1 week after the cows
were withdrawn from treated silage.

The metabolism of chlorpyrifos-methyl in sheep was
determined by Bakke and Price (1975) by use of
radioactivity counts, infra-red spectra, mass spectra, and
column, thin-layer and gas-liquid chromatography. Re-
coveries of “C from urine, feces, and tissues of sheep
treated with 100 mg chlorpyrifos-methyl/kg totalled
69.2%, 12.5%, and 2.0%, in 2 days. No “C was found in
respired air. Radioactivity in the urine consisted of 2
major components, one a glucoronide conjugate of 3,5,6-
trichloro-2-pyridyl phosphorothionate (38%); and 3 minor
components totalling 5.2% of which 0.5% was the
hydrolyzed trichloro-2-pyridinol. The same 3 identified
components were found in the plasma. The feces
contained unchanged chlorpyrifos-methyl, its mono-de-
methylated derivative and its hydrolytic pyridinol de-
rivative, which account for 89.3% of the *“C in feces.
Detectable amounts (0.32-11.8 mg/kg) of chlorpyrifos-
methyl equivalent (including metabolites) were found in
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all tissues 96 hours after treatment. The highest levels by
far were found in the visceral fat (as expected from the
high fat solubility of chlorpyrifos-methyl and partitioning
co-efficient between octanol and water).

Swart et al. (1976b) conducted a feeding study in
Texas where 9 groups of 3 calves were fed levels of 0, 1,
3, 30, and 100 ppm chlorpyrifos-methyl in their rations
for 28 days. All feeding was ad libitum. Samples for
residue analysis were collected at 0 withdrawal for each
level and at 7, 14 and 28 day withdrawal for the 100 ppm
level. Tissues collected (blood, muscle, fat, liver, and
kidney) were analysed and reported by Kuper (1978a).
Average residues of chlorpyrifos-methyl were 0.03 mg/kg
(0.02-0.05 mg/kg) in kidney and 0.77 mg/kg (0.65-0.91
mg/kg) in fat of calves fed 100 ppm for 28 days with no
withdrawal. Signficant residues were not detected in
muscle or in liver under these conditions. At lower
feeding levels residues were lower and, after 7 days
withdrawal from treated feed, residues in all tissues were
less than the validated level of quantitation.

Rowe (1978) set up a study to determine residues in
milk and cream from cows fed chlorpyrifos-methyl.
Chlorpyrifos-methyl was fed to 3 lactating dairy cows via
supplementary rations in their feed at levels of 0, 1, 3, 10,
30 and 100 ppm based on total feed intake. The level of
chlorpyrifos-methyl in the diet was increased at 14-day
intervals, followed by a 14-day withdrawal period during
which no chlorpyrifos-methyl was fed. Samples of milk
and cream were collected at designated times during pre-
treatment, treatment and withdrawal periods. Samples
were analysed by Kuper (1978c) who found that residues
averaged 0.03 mg/kg chlorpyrifos-methyl and 0.05 mg/kg
3,5,6-trichloro-2-pyridinol at the 100 ppm feeding level.
Lower feeding levels resulted in lower levels of residue.
Residues were below the validated level of 0.01 mg/kg at
the 30 ppm feeding level for chlorpyrifos-methyl. No
residue of either compound, greater than 0.01 mg/kg, was
found after a 2-day withdrawal from the 100 ppm feeding
level. Residues found in cream from cows fed 100 ppm
chlorpyrifos-methyl averaged 0.43 mg/kg (0.31-0.50 mg/
kg) chlorpyrifos-methyl. The concentration of chlor-
pyrifos-methyl in cream with respect to milk is approx-
imately the same as the concentration of butterfat in cream
versus milk.

Swart et al. (1976a) set up a chicken feeding study to
determine residues of chlorpyrifos-methyl in eggs and
tissues. Groups of White Leghorn laying hens were fed 0,
1, 3, 10, 30 and 100 ppm levels of chlorpyrifos-methyl in
their rations for 28 days. Egg samples were collected
every second day during the 7 to 11 day period prior to
chemical feeding and through the treatment and with-
drawal periods. Tissue samples of muscle and skin, fat,
liver and kidney were collected from each group. The
residues were determined by Kuper (1978c¢) who reported
that the average residues of chlorpyrifos-methyl were 0.01
mg/kg in muscle, 0.08 mg/kg in fat and 0.02 mg/kg in
eggs from birds fed 100 ppm with no withdrawal. No



significant residues were detected in liver under these
conditions. Residues of chlorpyrifos-methyl and pyridinol
were below the validated level of quantitation for all
tissues after a 7-day withdrawal from treated feed.

9.6 Safety to Livestock

In view of the extensive information on the fate of
chlorpyrifos-methyl in cattle and chickens and the results
of long-term feeding studies in mice, rats and dogs there
are no grounds for believing that the continuous ingestion
of chlorpyrifos-methyl residues, at levels likely to arise
from the use of this insecticide for the protection of stored
grain, could possibly have any adverse effect upon
livestock. Furthermore the teratogenic studies, reproduc-
tive studies, neurotoxicity studies and various short and

Table 9.12. Chlorpyrifos-methyl: acute oral toxicity

long-term studies in the rat, dog, mouse, monkey,
Mallard duck, Bobwhite quail and Japanese quail provide
considerable additional reassurance.

The numerous acute oral toxicity studies in various
species indicate that the toxic dose of chlorpyrifos-methyl
to various species of livestock is probably quite high. A
summary of the acute oral toxicity to 5 species is given in
Table 9.12,

Shellenberger (1970) conducted dietary tests with
chlorpyrifos-methyl on 5- to 7-day old Mallards, Bob-
white and Japanese quail over a 5-day treatment and a 3-
day post-treatment period (8-day protocol). Effects on
mortality, feed consumption, weight gain, whole blood
and brain cholinesterase were noted and no-effect levels
are summarised in Table 9.13.

Animal Sex Vehicle mg/kg body weight Reference
Rat F Corn oil >1000 Olson & Taylor 1964
M Corn oil 2140 Olson 1964
F Corn oil 1630 Olson 1964
F Glycerol/ethanol >1600 WHO 1966
M Corn oil 2140 Litchfield & Norris 1969
F Corn oil 1090 Litchfield & Norris 1969
F Corn oil 1828 Hasegawa, et al. 1973
M Corn oil 2472 Hasegawa, et al. 1973
F CMC 3597 Hasegawa, et al. 1973
M CMC - 3733 Hasegawa, et al. 1973
M Corn oil 1980 US Army 1973
F Corn oil 3600 Esaki et al. 1973
Guinea pig M Corn oil 2250 Olson 1964
Rabbit M + F Corn oil 2000 Olson 1964
Mouse M Peanut oil 1122 WHO 1966
F Corn oil 2032 Hasegawa et al. 1973
M Corn oil 2254 Hasegawa et al. 1973
F Corn oil 2440 Esaki et al. 1973
Chicken M Capsule >2000 Olson 1964
Chicken M Capsule >7950 Olson 1964
Chicken M + F Capsule >8000 Ross & Roberts 1974
Chicken M + F Gavage 7532 Ross & Roberts 1974
Table 9.13. Dietary tests on birds with chlorpyrifos-methyl
ppm in diet
Lowest no-effect level — 5 days
Species LC50 Weight gain Feed consumption Cholinesterase
Blood Brain
Bobwhite 1835 1250 312 - -
Japanese quail >5000 1250 1250 - -
Mallard 2500-5000 >625 >625 39-78 >625




Ross and Sherman (1960) reported an extensive study
of the effect of selected insecticides on growth and egg
production when administered continuously to poultry in
the feed. Chlorpyrifos-methyl was administered at 88 and
132 ppm in the feed of New Hampshire hens for 29
weeks. There was no mortality but the body weight gain
was depressed, feed consumption indexes were increased
by 2 to 10%, mean hen-day egg production was slightly
higher. The weight gain ratios of chicks fed similar rates
of chlorpyrifos-methyl were lower than controls but the
final body weights after 29 weeks were unaffected.

9.7 Toxicological Evaluation

The toxicological data on chlorpyrifos-methyl were
evaluated by the JMPR in 1975 (FAO/WHO 1976).

Teratogenic studies, reproductive studies, neurotoxicity
tests and various short- and long-term studies in the rat,
dog, mouse, monkey, Mallard duck, Bobwhite and
Japanese quail, were considered to provide unequivocal
assurance of the relatively low toxic hazard of this
insecticide. In specific tumourigenic studies in the rat no
compound-related effect or increase in tumour incidence
was observed. No-effect levels were determined in the rat,
dog, monkey and man on the basis of the most sensitive
parameter, plasma cholinesterase inhibition. The level
causing no toxicological effect was determined to be
0.1 mg/kg in all 4 species.
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From these studies, the acceptable daily intake (ADI)
was estimated to be 0.01 mg/kg/day.

9.8 Maximum Residue Limits

On the basis of the above ADI and extensive residue
data, the JIMPR (FAO/WHO 1976) recommended the
following maximum residue limits in raw cereal grains
and milled cereal products.

Commodity Maximum Residue Limits
(mg/kg)

Bran 20

Raw grain (wheat, maize, sorghum) 10

Flour, wholemeal bread 2

Bread (white) 0.5

Rice (pre-harvest treatment) 0.1

The residue is determined and expressed as chlor-
pyrifos-methyl.

Additional information is required to enable the JMPR
to establish maximum residue limits in other raw grains,
semi-processed milling fractions and prepared cereal
food.

The methods recommended for the analysis of chlor-
pyrifos-methyl residues are those of Desmarchelier et al.
(1977b) and Mestres et al. (1979a; 1979b).



10. Deltamethrin

Deltamethrin is one of the latest and most potent of the
synthetic pyrethroids. The development of this family of
products started from a recognised activity in natural
pyrethrum, extracts and classical chemical sleuthing by
Staudinger and Ruzika (1924). Based on this knowledge
many scientists in many countries attempted to synthesise
molecules which would reproduce the insecticidal proper-
ties of the Chrysanthemum cinerariaefolium. There were
few successes other than the development of allethrin
(Schecter et al. 1949) until bioresmethrin was developed
by Elliott et al. (1967a, b). Bioresmethrin represented a
distinctive advance over the previous pyrethroids but
stability in sunlight was not much improved. Decisive
progress towards light stability was made by modifying
the 2 photo-labile zones of the resmethrin structure and a
combination of these two modifications led to permethrin
(Elliott et al. 1973). The introduction of a cyano group at
the benzyl position increased insecticidal potency without
reducing photostability. This led to the development of
fenvalerate and cypermethrin.

A detailed study of the cypermethrin structure estab-
lished that the great activity was obtained with esters of
the cis-chain acids and that the dibromo was preferable to
the dichloro grouping. Selection of the sterioisomer with
maximum activity led to the development of deltamethrin
(Elliott et al. 1974). Deltamethrin is now considered the
most potent insecticide against a wide variety of species.
The crystalline nature of this insecticide undoubtedly
greatly facilitated its isolation, as well as a very early
study of its remarkable properties (Barnes and Vers-
choyle 1974).

Deltamethrin is exceptionally potent against the whole
spectrum of stored-product pests. It is effective at low
dose levels in the range of 1-2 mg/kg. It is exceptionally
stable on grain. It shows little or no tendency to penetrate
the individual grains so it is expected to be removed on
bran. The product is currently under development and
there is little or no information available in open
literature. Only limited data have been seen on the fate of
deltamethrin residues on cooking but on a general
knowledge of the compound it is believed that most of the
residues finding their way into milled cereal products will
persist, more or less undiminished, in foods presented for
consumption. Field trials with conventional formulations
have found them to cause irritation to the skin and mucous
membranes of operators and new suspension concentrate
formulations are currently being tested.

10.1 Usefulness

Coulon and Barres (1978), of the French National
Agronomic Research Institute, carried out a very compre-
hensive study on the effects of deltamethrin on Sitophilus
granarius taking bioresmethrin as the reference insec-
ticide. The relative efficacy of bioresmethrin and del-
tamethrin was determined by bringing the insecticides into
contact with adult insects placed on treated wheat and
using the mortality values recorded 1 week after treatment
as activity criteria. In this way, the concentrations
required to kill 50% and 90% of the insects were found to
be respectively 0.23 and 0.44 mg/kg for deltamethrin,
against respectively 5.2 and 10.3 for bioresmethrin. The
same tests were repeated with preparations in which the
active ingredient was combined with piperonyl butoxide
in a ratio of 1:4 and 1:10. The LC/50 and LC/90 values
were found to have dropped considerably, especially for
bioresmethrin, for which the synergistic effect is more
pronounced. These authors also studied the effect of
deltamethrin on the reproduction of Sitophilus and
concluded that reproduction could be prevented by
treating wheat with 0.5 to 1.0 mg/kg deltamethrin
synergised with piperony] butoxide in the ratio of 1:4 or
by 0.25 to 0.5 mg/kg deltamethrin synergised in the ratio
of 1:10.

Bitran and Campos (1978) of the Biological Institute
of Sao Paulo, Brazil, provided preliminary results of trials
with deltamethrin against stored-product pests of maize
and coffee. Carle (1979) reported observations of the
effectiveness of deltamethrin against Sitophilus granarius
and Tribolium castaneum. Compared with bioresmethrin,
deltamethrin, synergised with piperonyl butoxide (1:2.5)
was reported to be from 5 to 30 times more potent.

Kalonji (undated) studied the effectiveness of a range
of insecticides against S. granarius and reported that
deltamethrin applied to wheat at 0.7, 0.85 and 1 mg/kg
was considerably more persistent than deposits of
iodofenphos, malathion and dichlorvos.

Bengston and Desmarchelier (1979), after reviewing
the work of the Australian Wheat Board Working Party on
Grain Protectants, stated that deltamethrin (2 mg/kg) plus
piperonyl butoxide (10 mg/kg) had proved satisfactory for
the control of all major species of stored-product pests,
including malathion-resistant insects, in Australian grain
during 9 months storage. However, emulsifiable formula-
tions of deltamethrin had proved unacceptable because of
irritation of the respiratory system and exposed skin of
those working in grain storage systems during the
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application. A suspension concentrate formulation gave
better results against insects without any observable effect
on operators but when the suspension concentrate for-
mulation was combined with piperonyl butoxide the
irritancy recurred apparently due to the solubalisation of
the deltamethrin by the piperonyl butoxide.

Bengston (1979) in reviewing the potential of pyreth-
roids as grain protectants pointed out that relatively high
dosages are required to control Sitophilus spp. and
Tribolium spp. and therefore these compounds are
unlikely to be widely used against these species. In Table
10.1 the relative tolerance of 3 species of grain beetles
exposed for 3 days to 6 pyrethroid insecticides, including
deltamethrin, is given.

Desmarchelier and Bengston (1979b) commented that
deltamethrin (2 mg/kg) plus piperonyl butoxide (10 mg/
kg) provided satisfactory protection for grain during 9
months storage in Australia.

Bitran ef al. (1980b), in a series of tests to evaluate the
residual persistence of deltamethrin and bioresmethrin on
stored corn and coffee in order to control adults of the
maize weevil, S. zeamais, applied deltamethrin and
bioresmethrin alone and synergised with piperonyl butox-
ide (1:4) at the rate of 0.5 mg/kg and 1 mg/kg to the corn.
They found that deltamethrin applied at the rate of 1 mg/
kg was 100% effective for more than 270 days whilst the
lower rate (0.5 mg/kg) was fully effective for 120 days.
The treatments based on bioresmethrin were significantly
less effective giving full control for only 120 and 30 days
when applied at the rate of 1 and 0.5 mg/kg respectively.
These findings appeared to contradict those of Bengston
(1979) concerning the value of the synergist.

As part of studies on the protection against insects,
especially Sitophilus zeamais, of maize cobs kept in
farmers’ stores, studies were carried out in Brazil (Bitran
et al. 1981) to compare the effectiveness of treatment of
the cobs with a deltamethrin dust at 1 mg/kg with the
standard treatment with malathion at 8 mg/kg, with or
without fumigation with phosphine. The cobs were
examined after 4 and 8 months, and damage by Sitophilus
zeamais and Sitotroga cerealella was assessed. Fumiga-
tion followed by treatment with deltamethrin afforded the

best protection. Deltamethrin was superior to malathion
when the cobs were not also fumigated. A significant
correlation was found between the weight loss of maize
and level of infestation by the 2 pests.

In laboratory studies in India, 4 synthetic pyrethroids,
including deltamethrin, were tested alongside 4 organo-
phosphorus insecticides against third-instar larvae of
Trogoderma granarium (Chahal and Ramzan, 1982).
The pyrethroids were applied as 0.0125%, 0.025% and
0.05% solutions and the organophosphates at 0.025%,
0.05% and 0.1%. It was found that 1 day after spraying
deltamethrin was the most effective, causing 100%
mortality at 0.05%, while at 0.0125% it caused 26.5%
mortality and at 0.025%, 66.2% mortality. The other
compounds resulted in 0 to 16% mortality. Observations
2, 3, 5 and 7 days after treatment showed a progressive
increase in mortality and after 7 days all compounds
except malathion and cypermethrin caused 100% mor-
tality of the larvae.

Residues of deltamethrin on wheat grain of 12%
moisture content, stored in the laboratory at 25°C,
remained constant within experimental error over a 15-
month interval. However, the biological activity of the
residues against Sitophilus oryzae declined to 78% of the
initial value at 3 months and to 65% at 15 months after
application. Inactivation of a proportion of the intact
residues is indicated (Hargreaves et al. 1982).

Bitran et al. (1983a) reported results of experiments
with deltamethrin, compared to malathion, on maize and
coffee, carried out in Brazil to control infestations of
Sitophilus zeamais, Acanthoscelides obtectus and
Araecerus fasciculatus. Treatments with deltamethrin
synergised with piperonyl butoxide (1:10) applied directly
to maize grains were superior to malathion, controlling
Sitophilus zeamais for 9 months. Deltamethrin was also
more effective than malathion in sack treatments, protect-
ing maize and coffee for longer periods.

Bengston et al. (1983b) repotted trials in which
organophosphorothioates and synergised synthetic pyreth-
roids were used in duplicate field trials carried out on bulk
wheat in commercial silos in Queensland and New South
Wales. Laboratory bioassays using malathion-resistant

Table 10.1. LC99.9 of various insecticides obtained with adults deposited on freshly treated wheat (Bengston 1979)

Species Strain  Bioresmethrin D-phenothrin Fenvalerate Permethrin 75/25 Cypermethrin Deltamethrin

S. oryzae LS 2 15.8 10.7 9.8 3 1.5 2.9
QSO 56 10.4 83 7.1 2.8 2.3 6.6
QSO 231 352 52.5 108.1 11.5 19.7 35.7

T. castaneum QTC 39 7.5 17.8 18.3 17.7 1.6 0.3
QTC 34 26.1 62.8 43.8 13.0 1.6 0.5

R. dominica QRD 14 0.6 0.9 0.7 0.7 0.1 0.05
QRD 2 - 0.8 0.5 0.8 0.4 B
QRD 63 0.6 2.5 0.7 1.7 0.2 0.05
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strains of insects were carried out on samples of treated
grain at intervals over 9 months. Residues of deltamethrin
were shown to be highly persistent on stored wheat. There
was no significant change in the concentration of
deltamethrin over 9 months and at the end of 9 months the
residues were still within the range of the experimental
-erTor.

Bitran et al. (1983b) presented results of biological
tests carried to evaluate the residual action of some
pyrethroids and organophosphorus insecticides on stored
maize treated in Brazil to control Sitophilus zeamais.
Insecticides were mixed with maize grains and evaluated
for 9 months. Three of the pyrethroids showed high
efficacy when synergised with piperonyl butoxide (1:5)
but this effectiveness was reduced without piperonyl
butoxide. Unsynergised deltamethrin was among the best
treatments, being more persistent when applied as a dust.

Ishaaya et al. (1983) tested 6 synthetic pyrethroids as
toxicants and inhibitors of weight gain in first and fourth
instar larvae of Tribolium castaneum. Deltamethrin
equalled cis-cypermethrin in being the most potent.
Dosages that reduced larval weight also delayed pupation
and emergence probably due to their anti-feeding ac-
tivities. Three oxidase inhibitors including piperonyl
butoxide added to the substrate at a concentration of
100 mg/kg synergised the toxicity of deltamethrin. On the
other hand, an esterase inhibitor, profenofos, did not
enhance the potency of any of the pyrethroids. The
authors observed that oxidases appeared to be more
important than esterases in pyrethroid detoxification by
Tribolium castaneum.

Hsieh et al. (1983), working in Taiwan, tested the
toxicity of 26 insecticides to Sitophilus zeamais and
Rhyzopertha dominica. Only 7 compounds, including
deltamethrin, were more toxic to Rhyzopertha dominica
than to Sitophilus zeamais. Deltamethrin was the most
toxic compound to Rhyzopertha dominica with an LC/50
of 0.07 mg/kg.

Longstaff and Desmarchelier (1983), in studying the
effect of temperature on the toxicity of deltamethrin in
comparison with pirimiphos-methyl, showed that del-
tamethrin was significantly more toxic to S. oryzae at
21°C than at 32°C. Pirimiphos-methyl, on the other hand,
was considerably more active at the higher temperature.
They showed there was significantly less reproduction at
the higher temperature in wheat treated with deltamethrin
at 0.05 and 0.1 mg/kg than at the somewhat higher
temperature. On the strength of these findings these
workers pointed to the advantage of artificial cooling of
wheat treated with deltamethrin.

Bengston et al. (1984) reported a field experiment
carried out on bulk sorghum stored for 26 weeks in
concrete silos in south Queensland. No natural infestation
occurred. Laboratory bioassays of treated grain, in which
malathion-resistant strains of insects were added to grain
samples, indicated that all the treatments were generally
effective. Deltamethrin plus piperonyl butoxide (2+8
mg/kg), controlled typical malathion-resistant strains of

Sitophilus oryzae, Rhyzopertha dominica, Tribolium cas-
taneum and Ephestia cautella.

Arcozzi and Contessi (1984) tested 6 synthetic pyreth-
roids, including deltamethrin, in Italy in wheat held in
small silos artificially infested with Sitophilus granarius
at the rate of 4 to 5 adults per kilogram of wheat. The
results indicated that deltamethrin at 0.5-1 mg/kg ap-
preciably reduced the infestation from over 10 000 to
below 1000 insects per kilogram of grain.

Bengston et al. (1984) applied synergised deltamethrin
at the rate of 2 mg/kg to bulk sorghum held in concrete
silos in south Queensland. Its performance was compared
with that of combinations of fenitrothion with synergised
fenvalerate, and synergised phenothrin and pirimiphos-
methyl with permethrin. Deltamethrin controlled typical
malathion-resistant strains of Sitophilus oryzae,
Rhyzopertha dominica, Tribolium castaneum and Ephes-
tia cautella for 26 weeks. Residue analyses indicated that
its effectiveness should have continued well beyond the
period of the trial.

Duguet and Wu (1984) evaluated deltamethrin against
2 bruchid species infesting grain legumes in the
laboratory and in the field in Africa. They found that
deltamethrin at 0.25 mg/kg was effective against
Callosobruchus chinensis for more than 228 days in the
laboratory and more than 6 months at 0.75 mg/kg under
field conditions against Callosobruchus maculatus. A
minimum of 5 days contact between the insects and the
treated grain was required to produce maximum kill. Both
species were equally sensitive to deltamethrin.

Duguet (1985a) reported experience and experiments
with the protection of maize in village granaries and cribs
in a hot climate with deltamethrin. He considered that
deltamethrin powder applied at the rate of 1 mg/kg or
deltamethrin spray (0.5 mg/kg and piperonyl butoxide 5
mg/kg) was effective for 8-10 months depending on the
type of storage. He recommended that the sheath should
be removed before treatment with insecticide and that the
deltamethrin powder should be applied uniformly layer by
layer as the cobs were placed in the crib.

Duguet (1985b) discussed the comparative effective-
ness of deltamethrin against the 3 Sitophilus spp. and
showed that in temperate climates 0.25 mg/kg deltameth-
rin and 2.5 mg/kg piperonyl butoxide provided good
protection for wheat and rice against Sitophilus oryzae for
6 months or more. In tropical and subtropical climates
where wheat and rice are attacked by limited numbers of
Sitophilus oryzae and Sitophilus zeamais synergised
deltamethrin at the rate of 0.5 mg/kg or deltamethrin alone
at 1 mg/kg protects the commodity for 8-10 months. On
maize infested with Sitophilus zeamais in the field it is
necessary to increase the rate of unsynergised deltameth-
rin to 1.5 mg/kg to kill adults but this is not sufficient to
prevent the development of a second generation. Under
natural conditions of development Sitophilus oryzae is the
most susceptible and Sirophilus granarius the most
tolerant but Sitophilus zeamais develops in regions where
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the half-life of deltamethrin is shortest and where the
harvested maize is already infested from the field.

Lessard (1985) reported on the acaricidal activity of
deltamethrin formulations used for direct application to
grains. Whereas bioresmesthrin reduced the population of
Tyrophagus putrescentiae by 90% in 2 days, synergised
deltamethrin at different dose rates reduced the mite
numbers by only 33% to 61%. Resbuthrine reduced the
numbers by 51% but only after 7 days contact. The results
from pirimiphos-methyl and resbuthrine were no better
than from bioresmethrin. The author concluded that
synergised deltamethrin has a not negligible action against
Tyrophagus putrescentiae but this activity is insufficient
for practical use specifically for the control of mites in
stored grain.

Nahal and Duguet (Undated) evaluated deltamethrin
and malathion against 3 bruchid species. They found
deltamethrin powder applied at the rate of 0.5 and 0.75
mg/kg was effective for more than 540 days for protecting
broad-bean seeds and Egyptian clover seeds against
Callosobruchus maculatus, Callosobruchus chinensis and
Bruchidus alfierii. Malathion at 8 mg/kg was inferior in
all tests.

Golob et al. (1985) tested deltamethrin by topical
application to Prostephanus truncatus and found that it
was from 5 to 50 times more effective than the most
effective of 10 other insecticides. It was over 5000 times
more potent than malathion.

10.2 Degradation

Results from a number of trials to determine the
persistence of deltamethrin residues on stored wheat and
maize conducted through the University of Montpellier,
France, in Morocco, Belgium and Brazil were submitted
for evaluation by the Joint FAO/WHO Mgeeting on
Pesticide Residues in 1980 (FAO/WHO 1981). The
results suggest that difficulties were encountered in
sampling the storages or in analysing samples because the
analytical data were most inconsistent. However, it is
clear that there was little or no degradation during 30 to 50

weeks of storage. There is a trend which suggests that the
persistence of dust is somewhat greater than the corre-
sponding emulsifiable formulation.

Halls and Periam (1980a) reported trials designed to
determine the fate of deltamethrin on wheat during
storage. Batches of English hard wheat were sprayed on a
conveyor with diluted deltamethrin/piperonyl butoxide
emulsion to give 250 kg batches of wheat containing 1
mg/kg deltamethrin plus 10 mg/kg piperonyl butoxide and
2 mg/kg deltamethrin plus 10 mg/kg piperonyl butoxide
respectively. The grain was placed in 1 tonne capacity
metal silos. Analysis of samples revealed that the actual
treatment levels achieved were only about 40 to 70% of
those nominated. Samples of the treated wheat were taken
after spraying and thereafter at monthly intervals for 9
months and analysed for deltamethrin. Replicate samples
were taken from each silo, analysed separately and the
results expressed as the mean. The results are given in
Table 10.2. Here again, the variability in analytical
results suggest there were problems in achieving unifor-
mity in distribution, sampling or analysis. It is reasonable
to assume that the loss of deltamethrin from wheat under
storage conditions in the UK is negligible.

Noble et al. (1982) carried out a carefully conducted
laboratory experiment to determine the stability of 4
pyrethroid insecticides on wheat in storage at 25°C or
35°C and either 12% or 15% moisture content. Rates of
loss were calculated from residue analysis of the wheat at
4 intervals during storage. Great care was taken to analyse
the solution used to treat the wheat, to determine the
recovery of pyrethroid from the treated wheat samples, to
avoid instability problems and to measure the amount of
pyrethroid on the surface of sample jars and laboratory
equipment. As a consequence the analytical data are
highly consistent (Table 10.3). Pseudo first-order rate
constants and half-lives were calculated for all of the
storage conditions by assuming first-order loss of com-
pound. Half-life values and 95% confidence limits for
these values were calculated. These parameters are
presented in Table 10.4 for the 4 pyrethroids. These data
show that the loss of these pyrethroids is slow, especially
under milder conditions of temperature and moisture.

Table 10.2. Deltamethrin residues on wheat after indicated periods of storage in the UK! (Halls and Periam 1980a)

Target Residue analysis (mg/kg deltamethrin)

application

rate Initial> 1 month 2 months 3 months 4 months 5 months 6 months 7 months 8 months 9 months
(mg/kg) (15.11.79) (13.12.79) (17.1.80) (11.2.80) (12.3.80) (21.4.80) (12.5.80) (10.6.80) (10.7.80) (6.8.80)
1.0 . 0.44 0.53 0.48 0.50 0.50 0.41 0.48 0.49 0.42 0.41
2.0 0.80 1.25 1.33 1.46 1.21 1.01 0.96 1.12 0.94 1.08

1 Analytical results are subject to overall confidence limits of 30%

2 Dates refer to day of sampling
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Table 10.3. Concentration of four pyrethroids found on wheat stored for periods of up to 52 weeks at 25 or 35°C with
12 or 15% moisture content (Noble ef al. 1982)

Storage conditions Concentration of pyrethroid (mg/kg
: of moist grain) after storage for
Moisture following periods
Initial concentration content  Relative
of pyrethroid (replicates) Temperature (as % of humidity 13 26 39 52
(mg/kg of moist grain) (°C) net weight) (%) weeks weeks weeks weeks
Permethrin 0.96,0.92 25 12 54 1.00 0.89,0.89 0.81 0.87,0.91
1.03,1.06 25 15 73 1.03 0.87,0.86 0.75 0.83,0.77
0.95,0.98 35 12 57 0.91 0.77,0.77 0.60 0.74,0.68
1.02,0.97 35 15 75 0.97 0.64,0.60 0.57 0.52,0.37
Phenothrin 2.11,1.73 25 12 54 1.79 1.62,1.64 1.56 1.07,1.15
2.0,2.0 25 15 73 1.83 1.66,1.70 1.24 1.01,0.86
1.92,1.90 35 12 57 1.40 1.21,1.30 1.08 0.72 -
2.07,1.97 35 15 75 1.51 1.10,1.17 0.96 0.54,0.53
Fenvalerate 1.05,1.16 25 12 54 1.13 1.19,1.13 1.13 0.86,0.90
1.14,1.08 25 15 73 1.16 1.19,1.22 1.14 0.88,0.81
1.18 - 35 12 57 1,08 1.17,1.05 0.96 0.71,0.77
1.14 - 35 15 75 1.06 0.87,1.06 0.87 0.64,0.68
Deltamethrin 2.07 - 25 - 12 54 1.91 1.89,1.77 1.66 1.51,1.42
2.13 - 25 15 73 2.00 2.00,1.92 1.64 1.35,1.28
2.01 - 35 12 57 1,83 1.67,1.66 1.38 1.17,1.26
1.95 - 35 15 75 1.74 1.39,1.29 1.25 0.62,0.70

Table 10.4. Pseudo first-order rate constants and half-lives for four pyrethroids on wheat stored for 52 weeks at 25 or
35°C, with 12 or 15% moisture content (Noble et al. 1982)

Storage conditions

Moisture
content Pseudo first-order Half-life
Temperature (as % of rate constant (tY2) 95% confidence

Pyrethroid °C) wet weight) 10°%k’ (week™) (weeks) limits on tY%
Permethrin 25 12 2.7 252 161-582

25 15 4.7 149 108-236

35 12 7.8 89 69-127

35 15 15.7 44 37-54
Phenothrin 25 12 9.6 72 58-93

25 15 13.0 54 44-69

35 12 17.8 39 3445

35 15 23.5 29 27-33
Fenvalerate 25 12 3.3 210 120-870

25 15 3.8 182 93-1194

35 12 6.7 104 73-183

35 15 9.3 74 59-101
Deltamethrin 25 12 6.1 114 92-150

25 15 7.7 90 65-148

35 12 9.9 70 62-81

35 15 20.1 35 28-44
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Table 10.5. Comparison of three different criteria for assessment of biological activity
(expressed as LCsq values) of deltamethrin on wheat (Hargreaves et al. 1982)

LCsp* (mg/kg) assessed using following criteria

Time from

Treatment treatment to bioassay Mortality Mortality Reduction of
date (months) after 3 days  after 26 days F; progeny
19 July 1979 9 1.28 0.75 0.90

12 0.93 0.56 0.62
18 October 1979 6 1.10 0.87 0.93

9 1.10 0.63 0.79
10 January 1980 0 0.85 0.52 0.55

3 1.24 0.84 0.73

6 1.13 0.69 0.76
11 April 1980 0 0.92 0.64 0.66

3 0.98 0.66 0.55

Regression equations: LCs, (26 days) = 0.54. LCsq (3 days) + 0.11 R* = 0.52. LCsq (F)) =
0.86. LCs (26 days) + 0.13 R* = 0.54. LCs, (F;) = 0.65. LCso (3 days) + 0.02R* = 0.55.
‘L.Cso values determined from the mortality of Sitophilus oryzae (strain QSO56) on treated

wheat at 25°C and 70% r.h.

The authors commented on the comparatively faster
loss of deltamethrin than permethrin which is surprising
because in various biological systems deltamethrin has
been shown to be more resistant to degradation. Based on
the work of Soderlund and Casida (1977a), and the
results of milling studies in their own laboratory, they
concluded that when the pyrethroids are used post-harvest
on grain, the bulk of the insecticide remains on the outside
or at least in the outer layers of the grain, even after
storage for 1 year. This suggests that the bulk of the
degradation may be non-enzymatic and that chemical
oxidative and hydrolytic processes would be more import-
ant in a system where light is essentially excluded.

Hargreaves et al. (1982) carried out a detailed study in
which the biological activity of residues-of deltamethrin
on stored wheat was compared with the concentration
of residues determined by chemical analysis. Two kg
aliquots of conditioned wheat were placed in glass bottles
of 4.5 litres capacity and an emulsifiable concentrate of
deltamethrin, diluted with water, was applied accurately
by a standardised method. The bottles were sealed
immediately before being tumbled on a mechanical
tumbler for 10 minutes. This procedure resulted in an
insecticide-treated grain of 12% moisture content. The
treated grain was held at 24°C before sampling for
bioassay or for determination of residues. Ten treatment
rates ranging from 0.125 to 16 mg/kg were used. The
probable applicat