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INSECTS AND WHEAT iN AUSTRALIA

D.¥,. Waterhcuse

In the early days of agriculture in-Australia rusts, not insects,
were the greatest menace to the production of grain to feed the infant colonies.

William Farrer, in whose memory this Oration was founded, sought not only to

improve the quality of wheat and iks adaptability to drier enviibnments,_but

also - with othér$~such as Joseph Bancroft in Queensland and, later, W.L.

‘Waterhouse .in New South Wales - to wed guality to rust resistance., They had

-Qeiy.subétantiai sﬁccess; and, as ‘sq often hé@peﬁé,=reduction of the'primary'

. hazard brought others progressively into prominence, It is with some of these

that I shéii be concerned, and particylarly with the pests of stored

grain which present an-ever increasing problem as human peopulations grow and

_urbanization spreads.

ll' Eariy-ﬁistory

. Tt is probable that the insects now associated with grains only
camé to primitive man's attention some 10,000 yaars ago when he first began to
cultiéaée plénts and to stpre their seeds. Most of the insects of grain stores
aré seldom if ever seen n&wadays far from.human habitation, nor far from stored
grain or other products. However, these same insects must, of necessity, have
existed earlief-in very sméll numbers in the field, doubtless_attacking
inﬁividual grains and occasional aggregations when these happened to occur.
That is, unless the evolutionarily sheort time of 10,000 yvears has been sufficiént
for quite a number of species to become véry clbéely a@apted'to thé stor;é
prdducts environment. There is, of course, no way of telling.whether they were
pre-adapted to this‘new environment oxr whether they evolved rapidly to exploit it.

Ancient Egyptian drawings'cleariy dépict methods of gfain storage and,
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indeed, specimens of grain weevils (Sitophiiusi.and flour beetles (Tribolium)
héveﬁbegn.fougd in-grain or flour residues from the torbs of various Pharoah's
aating gack to 3,000 BC (Solomﬁn, 1965] . Possibiy the earliest written record
is from the 0ld Testament book of Haggal (Chapter 2, verse 16)}: 'when one came
té a heap of_20 me asures, there_weﬁe but 10*, A 50% loss of stored grain was

evidently not uncommon in those days and probably still occurs locally in some

3

tropical areas.
It is alwost certain that meny of the more important stored product

insects accompanied the firxst fleet to Australia in 1788 travelling in flour,

-~
{ Eriien,. £

grain, ships biscuits and other stores; they have been continuously present

here ever sincgﬁ although their numbers and genetic diversity have been addesd

ya
“to én many -subsequent occasions.

Joseph Banks wrote in his journal on the Endeavour in 1769 on his way
to Rustralia "Qur breéd indeed is but indifferent, occaéiond bf the quantity of
Vermin'that_aée in it,-i have often seen hundreds nay thousands shaken out of
a:siﬁéie biskét; We in'fhe‘Cabbin'ﬁavé-hoﬁevéé.any'ea§§ temédy‘fbr'thié by
:-bakiné';ffin an oven, no£ too hot, ﬁhicﬁ mékes‘;hem all waik off, but'this
cannot be allowd to the private people gﬁo ﬁust_find the taste of thése animals
very disagreeable, aé they evexry oné taste as strong as\mustgrd or rather spirits

of hartshorn., They are of 5 kinds, 3 Tenebrios, 1 Piinus and the Phalangium

cancroides;...".

2. Insects and Wheat Production '

Befofe continuing this story let us look briefly.at wheat production.
It islfortunate that; although Australia has all the major cosmopolitan pests
of stored grain, she does not héve any of the principal insect pests that attack
the growing.crdp in the northern hemisphere and only one of the impértan% insect-
transmitted virus diseases. Pests such as the héssiah £fly, various midges, the
whaat bulb fly, the cereal leaf bgetle, various wireworms, anq the Seng past,

to mention a few, are absent. We do have, it is true, some non-specific



natiye pests that can cagse-sérious damage to wheat and to'many other crops.
Theséfinclude locusts and -grasshoppers, armyworms, pasture webworms and gutworms
(especiéily the larvae of %he Bogong moth Agrotis infusa (Boisd)).

.The larxrvae of the a?myworm Pseudaletia convecta (Walk.).plagued
.the hungry early settlers of.Neﬁ South Wales, time and ag;in threatening
their precioﬁs wheat crops.. 'Thére are many refgrences in early issues of
the Sydney Gazette, S§Eh as the letterlby ‘Oh;;rver' of 1 November 1822 ﬁhich,'
referring to 'bladeless stalkslof wheat', says in part "though numbers [ of these
catefpillarsi were seen feeding on the leaves of the wheat in the day time, yet
they appearéd in little account when compéred with the myriaﬁs which issued
forth undér clods and rubbish, as nigﬁ£ set in, ‘and fed on the wheat until day-
light..l.. The devouring ravages of.these caterpill%fs %as sb.éreat that everf
sufferer was anxioﬁsly 1ookin§ for rain to destroy them: - and, when the wished-
for rain came, ﬁhat waé the disappointment, that, in lieﬁ of destroving them,
it seemed to héve opened the.hitherto sun-parched grbund, and added millions.
- of young ones,..". This same armyworm "is common in the Sydney district to
"thié day.

_Rétﬁér Ehan dealiﬁg fgéthéi with insect‘pests of the growiﬁé crop,
I wish now to introduce quite another aépect in which insects and other
biolqgical control agents investigated by my colleagues have commenced to

play a beneficial role in the very same environment.

3. Skeleton weed

Skeleton weed (Chondrilla junceq L.} is an extreﬁely serious weed
of cultivation and particularly of wheat fields in south-eastexrn'Rustralia,
~ This perennial Composite is believed to have been introduced to the ﬁagga area
in the early years of this century in the packing of grape vines froﬁ southern
Burope (Judd and Carn, 1935). Its recots penetraﬁe many_feet into the soil and,
if broken inté rieces by cultivation, each piece is capable of producing a new

plant. SN
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In avtumn a flat rodette of leaves is formed which grows in size
untii'early summeé when the rosette leaves die not long aftei producing one o
more to&gh green photosynthesising stems, bearing ﬁany yellow flowers. Aftex
flowering and seeding profusely the wiry stems die in autumn and regeneration
of a new rosette supsequently occurs at the base of the dead flowering sﬁoot.

In wheat fields the early growth-of the plant rapidly depleteé the surrounding
soil of available nitf%geﬁ and moisture, thereby suppressing nearby wheat plants;
muich later, the wiry, skeleéon~like stems interfere seiidusly with harvesting
machinexy. Although certain veed-killers‘(e.g. Picloram) applied in gpring
suppress the plan? by killing the rosette and algo its ta§~¥oot downt to one.é?
two feet, the plant often regenerates subsequently from lower levels.in the soil.
The cost of'this‘treatment is,_howaver, near or beyond the economic limit.ig
mang greas and there are sericus gesﬁdue préblems. Competition ﬁith other plagtsA
iﬁ a pasture fallow effectively reduces the density of skeleton weeﬁ plants, bﬁﬁl
fheir density‘rises again rapidly from seedlings aﬁd,.mérg importgntly, from
broken pieées of root when the wheat phase of the rotation is'resumed. The
yieid of fields that become heayily infested with skeleton weed can be reduced
from 30 busﬁels per acreito 15 or less ;hd reduced yields Aue to skeleton weed
have been estimated to result in losses of $30 million or so a year.

Mény sﬁrains of skeleton weed occur naturally in the Middle East and
Mediterranean areas. Although skeleton wged is very widely distributed there,
it is hardly ever regarded as a weed and is a relatively uncommon plant, occurring
mainly in disturbed situations where there ig little competitioh f?om other plants,
Differences in cultural practices undoubtedly help to‘éuppﬁess it in EBurope and
the Middlg East. However, it is also heavily attacked by a range of organiéms,
none of which were present in Australia when our investigations commenced in
1966. . The organisms-studied in our érogramme inclﬁde_ a gall midge (Cy;tiphora

schmidtii Rubs.), two aphids (Chendrillobium blattnyi pint., Uroleucon chondrillae

Nev.), two root-attacking caterpillars (Oporopsamsio wertheimsteini ®bl, .Bradyrrhoo

divme

~
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gilveolella Tr.), a root—attacking beetle (Sphenoptera jbveéla Gebl) , a root-
atLaéking coccid (Neomargarodes chondrillae Axch), an eriophyid mite (Aceria
chondriilae Can.) and several fungi. Most destructive of the funyi was the
widespread rust,rPuccinia chondrilling Bubak and Syd., although two pow&ery
mildews (LeveiZZuZa taurica Arnaud form chondrillae (qacz).and Erysiphe
cichoracear#m D.Cp) a;so caﬁsed extensive damage when conditions were suitable.

Puceinia ahZﬁdriZZina is a macrocyclic, autoecious rust that has only
been recordéd on the genus Chondrilla. This rust occurs. on Chondrilﬁ& from the
;cold continéntal climate of southern Siberia to the hot Méditerranean élimates
of Portugal and North Africa. In many sitwations it kills young Chondrilla
seedlings, and severely damages and greatly reduces seeding by older plants,
which sometimes_are unable to prodqu new rosettes from their roots (Hasan and
Wapsheref i9§3f.

| Extensive testing of Puceinia chondrilling againstrthe plant species

(some 50 in ail) of substantial agricultural imbortance to Australia demonstrated
that it was entirely specific to Chondrilla and waé quite unable to develop on
cther clogely reléted Cichoriaceae (Hasan, 1972). So specific was it that thg
first strain tested which oriéinated from Franée éid not attack any'of the three
forms of skeleton weed that occur in Austral;a. Eventually a strain of the rust
origigaFing in Vieéte in southern Italy was found to be highly Pathogenic-tO'ouﬁ
) most-common narrow-leaved variety and the full plant épecificity tests were
carried out on the Vieste strain. ' Absence of attack onlény other plants,
combined with the knowledge that this rust occurred on skeleton weed in eastemn
United States of America without causing any damage to.other plants, formed the
basis for approval by the Australian Plént Quarantine authorities for it to be
introduced to Australia.

Spores of the rust were flown to Canberra early in 1971 and mass reared
for release, coﬁstituting tﬁe férst example in the world, siﬂce the establishmant

of effective quarantine controls, of the deliberate introducticn and release into
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a‘nea country of a plant pathogen for weed control {Cullen-et al., 1973) .
5 After two generations of the rust had been cultured in quarantine

on pottéd skeleton weed plants in order to ensure that there wers no
undesirable fellow travellers, uredospores were removed for mass breeding and
" subseguent field establishment. . Liberaéions were made over the period from
June to December 197lﬁ'firs£ of- all in Canberfa, and later\at:Wagga and'Tamwofth
in New Sguth'Wales, at Parilla, Karoondah and Waikerie in South Australia énd'
Mildura, Hopetown, Walpeup and Numurkah in Victoria.

On 10th June 1971 C. Juncea plants infected with P. chondrillina
were transplanted into a dense natural growth of skeleton wééd at Wagga.
After one .xrust generation (10 to 30 days depending upon the tgmperature), éfores
were found.on‘plants.l metre distan?, and subsequeﬁt cbservations indicaﬁed that,
by the fifth mist gen§r§tion,.they had becoms establiéhed at least 24 km distanﬁ.
This initial spread seems to have been on a scalelonly slightly less than
recorded for wheat rust epidemics (Lambert, 1929, Schmitt et gl., 1959).
Weather conditions in New South Wales during the period December 1971 to February
1972 were moist and verf suitasle for fungai iﬁfection. ‘Foéi at least éO km, |
160 km and 320 km away from Wagga were ﬁrobably initiated at the 8th, 10th and
11th rust generations respectively. To the east tﬁese overlapped infestations
. spreading frém Canberra, and to the north those from Tamworth. By-late March
1972 some or many infeéted plants could be found in virtually every stand of -
C.}juncea exarined in NSW\(Cullen et al., 1973). Winds were predominantly
easterly during the summer, but there were also suitable northerly and south-
.westerly air movements. |

In the southern and western region of C. juncea distribution the
drier.summer resulted in a slower spread but, after autumn rains, the disgtribution
"became general there also and all skeleton weed areas in south-eastern and
southern Australia were known to be colonised at latest by Decamber 1972.

The warm dry summer-of 1972/73 resulted in very extensive damage to the stems
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of skeleton weed plants over vast areas, in many cases killiné stems back to
érbﬁﬁd:lévél prior to fléwéiing. As to be expe&ted, regrowth has occurred in
many ingtances, for it wiil ;equixersuccessiﬁe episodes of th%s sort to kill &
deep rooted wead with substantial underground reserves. | So dramatic was the
destruction in some areas that the question has been asked whether the barer-

than-usual ground might b& subject to soil erosion! Only the common narrow-~
ot

leaved variety has béen attacked aﬁd it ﬁay be desirable later to consider the
testing and importation of rust strains capable of attacking the othe; two
strains of-the weed.

This vast eﬁidemic épread of the rust has been documented more
thoroughly than that of most plant diseases and, oﬁ tﬂié scale, is unigue

in being both deliberate and beneficial. It is of significant historic

-
W

interest that the first liberation was made in Canberra barely 13 miles fxom
.Lambrigg.where Farrér éid so much of his work and that the first major spread
should have been from Wagga which, soms 60‘years earlier, was fhe épicentre
"of dispersal of skeleton weed in Australia. Even more striking perhaps is
that,.iﬁ the wvery wheétfields whéré Wiliiéﬁ Farréfis pfincipal.aaversary had
been the wheat rust Puccinia gramﬂnﬁs form tritiei, another Puccinia species
should be so d?amatically harnessed to man’s benefit.

Flve other organisms have so far been demoustrated in extensive
tesi_:é in Burope to be specific to skeleton weed. They are the gall fly,
Cystiphora; the bud mite,‘Aceria; the root moth, Bradyrrhoa; the aphid
C‘hondrillobiwn; and the mildew fungus Erysiphe cic?v;oraceamn_z (Wapshere and
colleagues, unpublished}. The first fhree have been'approved by Quarantine
authorities for introduction and the gall fly. and the bud mite weré iﬁported
in 1971 and. have now become established.

The gall fly is known to have spread in tw0'seasoné up teo 16 km

from one.of its centres of liberation in South Australia, and there and

elsewhere has caused die-back of stems and considerable reduction in seeding.
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It q;tacks all t%ree foxms'oé skeleton weed, but its success on the common
nér?éw—leaved form has been limited somewhat by.the-simuitaneous heavy
attack on this forﬁ by the rust. |

The bud mite converits both flcwgring and shoot buds ihto a twisted
mass of tiny leaves resulting in stunted growth and prevention of floyering;
Tﬁe mite islspreading steadiiy énd appeaxs to attack tﬁe common form of skeleton

Pas

weed much more effectively than the other two varieties.

'

4, Wheat Storage and Transport

The climates throughout the wheat growing areas of Australia are
generally‘very favouragle fo insect infestation of stored. grain. In tﬁis.
respecf our pfoblems are m&re coméarable with thoée of troplcal areas of the
world than Wlth those of the other major grain~exporting countries which all
lie in the cool £emperate belt, Wheat is harvested in Ausztralia at.high aix
temperatures, cften of the oxder of 30 C and above; it retains this heat
remarkably well in bulk storage, and much of it is expor#ed into a‘northern
hemisphere summer where warm conditions. are ag@in encountered, so that for lond
pgriods temégratures are favourable.fbr inéect‘developmént. By.contrast, wheat
grown in the north=rn-hen1sphere 15 generallé harvested at lower temperatures

and, in any case, is often exported during winter into other winter-bound

northern hemisphere countries. Australia thus faces more. difficult problems

]
&

in maintaining freedom Ffrom insect attack than do the majority of other main
wheat producers.

Auétralian wheat averages 10% moisture content, a figure which is_
suboptimal for insectldevelopment. When wheat was s&ld‘overseas by weighﬁj
in the windjammer-days it is said that an astute sea-captain could increase his
‘profits by opening the hatches from time to t;me to allow the moist sea alr to
be taken up by the wheat and, if greedy, he might even turn the ship's hoses
into the hold and sell the added walght of water as wheat! . If; indeed, this

did occur the highér‘mbisture content would certainly improve conditions for



insect attack. Moreover, the addition might well go undetected in northarn
markets which are accustomad to a moisture content closer to 13% in northern
hemisphere wheat,

World War I (1914-18)

. During World War I, unprecedentadly large stocks of bhagged vheat
accunulated . in Australia. These mére not only attacked very extensively
by grain pests but also seﬁerely'damaged bf a mouée plague, so that enormous
‘losses ware sustained. The methods of control then available were very limited
by.present day standards. First and foremost the importance of thorouéh
and systematic cléaning up of grain stores at all locations from farms
to shipping ports was clearly recognised and emphasised, although
seldom attained. Dry wheat was recognised tq be more resistant than moister
wheat and, so far as poésible, only dry whgat was taﬁen into store. No -
chemical.protection of infested grain &as available and experiments at
. that time with cyanide and carbon bisulphide fumigation proved unpromising.
Infested grain was sieved, winnowed and heat sterilized and large guantities
were deait with in this way. Surprisingly{ the potential waé recognised
of asphyxiating grain insects by sealing grain in airtight containers or by
‘puﬁping carbon dioxide into less-well~sealed containers, but the end
of the war came before any practical use was made of thié approach
(Winterbottom, 1922). /

World War II {1939-1945)

" Twenty vears later, World War II again created problems of long-
term wheat storage. Altbough bag storage was stiil used to some extent
theré-had, meanwhile, been a progressive development of the capacitg to
.hold wheat.in bulk storages of various types and sizes, ranging up to.structureé
1/3 mile long with a capacity of 10 million bushels. The Australian
Wheat Board was set up in 1939{ shortly after the war'commenced,
to control the storage and marketing of wheat, therchy facilitating the

wider introduction of the best available measures for safe keeping of the

.../10
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é;afﬁ. At this time also, the CSIR Division of Economic Entomology was
giveglt?e responsibility of advising the Board on preblems of insect
infestaéion.

_Where bags wexre té be sfored tor any length of time, covered
aepots were established at key points in the driest and coolest locations
.possible, consistent Eith éxansport requirements. Pains were taken to
avoid éld étorage sites that harbéured_infestation, to maiﬁtaiﬁ new sites
free from ﬁesté, to render them mouse~proof, to check thét the wﬁeat was
free from infestaﬁion before it was admitted to the depot and to send off
quickly for utilization bags sﬂowing signs of infestation (Wilson, 1852).
It was found that insects most frequently cccurred first in the layer of
bags at the base of a stack and gta@ually spread up the outside wallé,
these being the regions;where there tended to be a moiéture build-up,
wheat being a hygroscopic matefial. The interior of the stéék and its
'uppef part, where the moisture content stayed ldw, remainea comparétively
free from inéects. Investigation showed that heavy fumigants liké carbon
bisulphide or methyl bromide applied to the‘upper surface rapidly reached
the bottom of a stack. Wﬁen these fumigants were prevented frém escaping
through the sides bf airtight enclosure of the staék walls, highly
satisfac£ory insect kills were obtained and Wi;lions of bushels of.ﬁheat
wére eventually treated in this way (Wilson & Gay, 1946), Once established,
this method permitted the long term storage of bagged wheat without fear
~of heavy loss.

" Quite diffexent préblems were posed by thelvast mounds of wheat
held in bulk depots. Under these circumstances insecf damage seldom occurs
except to the periphery of the wheat mass and, if the remainder should bé
infested when loaded, it rapidly reaches combinaticns of temperature and

moisture content lethal to the insects. Metabolic heat produced by the

..l /11



ipsébts dissipates very slowly through wheat so that, in infested ﬁheat in.
fhé int?riﬁr of azbﬁlk; ioééi Lot spots develop where the rising temperature
forces'any mobile insects to cooler surroundings, thus disperéing the
infestation. Hot spots_link up in this way until, in the extreme case,

all the bu;k is about 420c, except for the periphery where heat can bé lost
to the atmosphere. %gre é'temperature gradient is eétablished in which the
varicus species of insects can generally find a zone very suitable for
their reproduction. although this happenslto a lesser éxtent thﬁn in bag
stacks,,sgrface wheat will often increase in méistpxe_content by taking up
moisture from the air and alsé by the movement of molsture to it from. the
hotter innef 1a§ers of the wheat mopnd. The molsture content of the inner
wheat thué becomeé even less satisfgctory for insect development than at
intake. .

Investiéation éhowed‘that‘surface infestations on mounds of bulk
whéat could be treatéd reiatively effectivély by direct application of
certain 1iquid‘fumig;nts to the region of any 'hotspofs'. Carbon bisulphide,'
or ethylene dichioride mixed with éarbon tefrachloride, éave excelleﬁt
control éf most species. A barrier against reinfestation was also established
by applyving a layer of fisély~ground mineral dﬁst, generally magnesite,

-upoﬁ'the wheat surface and éhis method was aléo used'to.protect the bulk
when it was first established (Gay, 1947)l

The period 1946 to 1968

As a result of the success of the war—~time Wheat Board it was
deciééd that the Board should remain as the sole marketing authority for
wheat, both domestically and overseas, and for flour overseas.'_whéat
growers are cbliged to deliver all of their wheat to the Board or its agents,
except for any they retain fér seed ox stoék feeding purposes. Wheat
is almost entirely handled by one bulk Handling Autho%it? in each

State on behalf of-the Australian Wheat Beoard and is exported through a



total of 18 ports. This centralised organizaticn has greatly aided, indeed
.&adé’pqssible, the attainment by Australia of tge extremely high standards now
demandéd by importing. countries. Many countries now insist that each consignment
of wheat be accompanied by an international phytosanitary certificdté

‘stating, inter alia, that it contains no living insects.

Over the years the storage Qf bagged wheat has steadily diminished
and néw all is held ;5 hulk. In Wéstern Australia the.wheat is held iﬁ
horizontal storages in the country areas, vertical silos being restricted to the
4 shipping.ports. In the other Statés a variety of horizontal and vegtical
gilos aré-used both in country aréas and at the ports.

Except for-céas{pg to usé inert dustsg, primarily because £hey
incféased friétiog.and hence intérfefed with the flow charaéteristics of .
gréiﬁ essential for the avallable é&ain handling machinery, grain protection
changed ,1ittle for a deca&e after World War. II; The introduction of phosphine
as a fumigant‘in le56 resulted in some reduction in infestatian in ovefseas
shipments, but the really spectacular'developmgﬁt was 5rought abguﬁ in 1960
by tﬂe introduction of malathion which scon became the basis of all protection
in Australia. Malathlon was not only alnew materigl, but it ushergd in a
new congept.  Previously control waé esseqtially the treatment of known
infestétions: by contrast, ﬁalathion was used as a preventive treatment, and
ﬁas eventually applied to all of the wheat cTop, éiviﬁg protection for 9
months or so. Generally, 12 p.p.m. malathion was added to graln on intake
into bulk storage, with the intention that no more than the international
tolerance of 8 p.p.m. should remaln when the grain reéchea thé market place
either here or abroad. Since even 4 p.p.m. malathion maintained gr;in\
complgtely free from all insect pests that occurred in Australia, infesgatiéns

seldom developed and our standards soon rose.to meet the nil tolerance of

living insects that had for some time been demanded by a number of importing

E] a
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couqtries. Indeed the_situation was so improved by 1963 that the Commonwealth
G;vérnment was able to introduce legislation prohibiting the export of wheat
infestéd with insects and giving it powers to ensure the cleanliness of
helds of ships calling for Agstralian wheat.

When problems were oécasionally encountered in bulk storage in

Australia, fumigation was resorted to especially at shipping terminals. This

ot

was becauss tﬁe application of a supplémentagy malathlon treatment required-the
grain to be turned during application and in any case did not kill larvae within
the wheat érains. Thus, adults continued to emerge into the lethal sufroundings
for a furfhe; 3 to 4 weeks, by which time ‘the grain might have reached its
overseas destination. Where gquick clean up was.neceSSary; fumigation with

>

" methyl ermide for 24'hour§, followed by 24-hqurs vgntilat%onlpérmitted the
nec;ssary‘phytosanitary certificaté‘to be iséuéd. Alternatgéeig, exposure to
phosphine'(genErated.from alumiﬁiuﬁ phosphidé'tablets) or to hydrogen cyanide
(genexated from calcium cyanide powder) killed all'insects, but requi#ed a
considerably lopger period (up to a Wegk) to produce mortality.
Anothef method for reducing the potential damage by iﬁseqts has

been the introduction over the past decade or so of grain aeration on a
gteadily increasing scale, firstl§ int§ South Australia, then into.Victoria
and weﬁ South Wales.

" This approach has been extensively used in North Ame?ica {Holman,
1960) and consists of fbrcing naturally occuring cool air through the grain
mass so as to lowef the temperature to a level at which 1ittle.o£;no insect
éamage occurs.l Information was collected in Aﬁstralié on the temperatures
neéessary t0 suppress feproduction in each species {a temperature of 15OC is
desirgble, although lSOC greatly lowers the reproductive rate : Howe, 1965).
Studies were made.over the wheat belt of the numbexr of hours each month
that the temperatuﬁe was low enough for geration to be effective (Bailey, 1968)

and machinery designed to produce-thé required flow of air through grain bulks of

various sizes (Sutherland, 1966). A special control device was designed by the
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CSIRO Divison of Mechanical Engineering to switch on aeration machinexy

at'bombinations of outside air temperature and humidity that would cool the

grain'but not increase its moisture conlent: tGriffiths, 1%67). This method
is proving to be a valuable aid ‘in avoiding serious insect damage and has
already been introduced inté a, substantial number of bulk storages. _It.must
be emphasi;ed, howggpr,-that infestations already present are not eliminated
s0 that, if the wheat is_to be exported, supplementary chemical treatment
is requireﬁ. Where fumigants‘are employed their distribution within the grain
ma;s is aided by the aeration machinery (Storey, 1971). o©n the other hand
the lower temperature of the grain mass ;means that higher fumigant
concentrations and/or longer exposure times must be employed.
For the treatment of inf?statigns in grain residues around farm

" or other-storages, either.iind;ne or malathion was found £b provi&e-
excellent éontrol. However, although linaane was both cheap and effective,
it could not be recommended For application to grain for £uma£.consumption or

stock feed.

The period 1969 to the present

I might perhaps'be pardoned for saying,.at this stage, that an important
;ecen;:dével;pment has been the establishment, with the generaus assistance
of the Australian Wheat Board, of a Stofed Grain Résearch Laboratory in the
CSIRO Divison of Entomology. I have no ‘doubt that this laboratory will
contribute many new and important advances in the next few years.

However, to return to my narrative, it isono;hrécognised to be:virtdally3
'inefitable thét, where almeost tptal reliance is plaééd dn'the use of an
insecticide for the control of a major pest, resistance to that insecticide will
sooner or later emerge. This is simply the ébmmon evolutionary mechanidm
whereby intense selection in favour of individuals caﬁable of surviving a single
major mortality factor rxesults in the population of the species concerned

eventually becoming capable of resisting or avoiding the action of the moxtality

factor . It should have come as no surprise, therefore, when a population of the
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rust-red flour beétle Tribolium castanelsm (Herbst) resistant to walathion was
ﬁiécoveréd’in Queenslaﬁd'im‘npril 1968 {Champ and Campbell-Brown, 1970). In
fact, resistant strains of this species had been known for some time frow
Nigeria and from southern United States (Parkin, 1965; Speirs et al., 1967} and
resistant inseéts were soon fépnd to bé moving in intermnational shipping,
since they were intgfceptéd in the holds of = ﬁumber of ships visiting
Australia in 1969 {Champ and.Cémpbell—Brown, 1970} . It was found, mor@over,
that there were twe types of malathion resistance, one of thch is specific
for malathién, whereaé the othex confers cross resistance to a number.of other
compounds (Dﬁte and Rowlandé, 1968). In particular, some of the aAustralian
strains.were resistant to lindane (Champ and Campbell-Brown, 1970). The
internationai tolerance of 8 p.p.m. malathion p%eclﬁded any significant
increase ip-dose rate and, in any case, such a procedure is known from
experience with other pests to xesult-in the development of even higher
levels of resistance. The Queensland discovery of resistant flour beeltles
stimulated a detailed and extensive survey for malathion resistance in all of
‘the major stored grain insects in Australia. Austfalian scientists
subseguently collaborated with FAC du;ing 1972 and 1273 in a world survey of
resistance in grain pests. |

The Australian survey has shown that strains of all of our major
grain pests are resistant o malathion in at least one mainland ététe (;nd
generally in all five States) and tha?isome of the stfains'are also
resisﬁant t0o lindane. The highest resisﬁance levels (up £o 500 fold) have
been recorded f#omitefminal storages, whereas sampleé from country étorages.
still show a comparatively high proportion of susceptible strains.

The FAO survey has demonstréted that strains of all of the major
stored grain insects are malathion-resistant in many'parts of tie world.
All of the resistanceé known in Rustralia occur in at least some other
countries also, but there are some resistances {for example, those to the

fumigants methyl bromide and phosphine) that have not so far been detected in

Australia.
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Where infestations'are discovered in mélathiqn—treated wheat the
cprkent options:afe tor fumigate (e.g. with methly bromide, as in Quaeensland)
ér ﬁo use an alternative insecticide, such as dichlorvos, which is applied
atba concentration of 6 p.plm. although it is effective as low as 2 P.p.m.
Six p.p.m. has been used since 1972 in Néw éouth Wales and, to begin with,
gave excellent contiol, but alrpady strains of two gfain pests are able to
survive this dosage.w‘Fenifrothion, which is hot vet cleared internationally
for addition to gréln to be eaten, appears to ge a coﬁnaratlvely safe
material, and is used for treatment both of storage structures and of .grain
residues._ Fenitrothion and synergised pyrethrins (whichlare comparatively
expensive} appear to be the énly avallable alternétive insecticides thét aré
known to be effectivé and that apéearrto be safe'enough It is disappointing
to have £o add however, that low level r951stance to these two materials
is known in othexr parts of the world, so the outlook is indead grim'in a
. world that demands both compléte absence of live .insects in grain and no
morelthan exceedingly minufe.pesticide residueé which, moreover, are only
approved after many years of international discussions.

One approach that réceived a good deal of attention in a number
of coﬁntries during the previous decade was the possibility of using‘
radiation to disinfest grain. This involves treating grain'in motion with
ionizing radiation either to kill any insects present, or at least . to stégiiise
them. For this purpose it isrpossible to use either gaﬁmalradiation (from a
Cobalt °0 ‘source) ox various machines for produclng accelerated electrons.
Tmmediate kill requires 300,000 to 500,000 raas, Plli w1tn1n a few days about
100,000 rads and sterilisation, but without greatl ¥ accelerated mortality, up to
25,000 rads depending upon the species (Tilton, 1986). By comparison, man is

killed by about 500 rads - one fiftieth of this does. At a dosage of

25,000 rads the cost under optimal conditions is rather greater than the




mosi expensive fumigation treatments. WwWheat treated with a dose of

éammé :édiation up.to 56;006.rads is -officially acceptable Ffor human
consumption in USA and in some othe?; but not all; countries. Such treatment
leaves no chemical rvesidues, a;tﬁough it does produce minor changes in

some constituents, especially at higher doses. So far the method is not
used commercially byﬁany,cbuntxy and one is Eempted to ask why this is so.
There are 3 prinéipal reasons.

(a) because of its high capital cost, irradiation can only be
used in terminal silos.where large apd continuous movement of grain ocours
whereas, to meet current international. standards, inseét control must start
as soon as the g%ain is harvested and be maintained continuocusly thereafter.
As best then irradiation can only be a supplement to chemical or other
controls ané is not a complete alternative.

(b) fumigation is the most éostly of fresent day control measures.
It provides, at best, only shorxt term insurance against reinvasion because

it leaves little or no protective residue. However, unlike radiation,

fumigation can be used almost anywhere and it meed be employed only when it

- Y

is'required. On the other hand a CobaltEO'source continues its breakdown
irrespective of whether or hot is is being useé and hence some expendituie

is invélved continuously. With a four-fold fluctuation in the Australian wheat
" crop, such has occurred during recent yéars, any Cobalt60 facility

ﬁould either be iﬁédequate to meet peak dema;d o£ exeessively expensive when
the crop is at a minimum.

{c) the steriliging dosage of 25,000 raﬁs, which costs moxe than
fumigation, is unlike fumigation in that it permits insects to sﬁrvi&e for
several weekslafter treatment. Since the treatment at port terminals is{
most likely to occur.within a day or two of departure.it is prcbable that

living insects would still be present on arrival of the grain at its

-
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1
.degtination. There is, as vet, no rapid method available whersby port
inspectors can determine whether or not the insects are sterile and, in
any case phytosanitary certificates certifving freedom from all living

insects are, as mentioned earlier, mandatory for many importing countries.

£. Insects and Wheat Products

&

To rbuﬁd gff the picture it is desirable to deal briefly with
insect pests of wheat prodgcts. ﬁhen wheat is con;erted inte flour and
bran it ceases to become suitable for the various highly-damaging,
grain-boring beetles, although it becomes even more satisfactofy for flour

"

beetles and certain moths. Tt is an interesting sidelight that, if flour

. is converted'to spaghettl the dense conéistency of the.lattexr once again

makes it satisfactory for the graih—borihg species.

. Littlg trouble is nowadays experienced with retqil packs cof flour,
cake mixes oi baked products, such aé biécuits, sﬁnce these are
insect-free when packaged and are protected from iﬁfestatioh by the-
wrappings.
o The most important measure for flour mills is rigorous hygiene.
Infested ﬁesidues may be treated as déscribed earlier fér stored grain.
Flour itself may be disinfested extremeiy effectively by meang of a

physical method, the use of a ﬁachine known asg the entoleter {(Cotton and
oFra;nke;lféld, 1542). Flour is fed onto the centre of ‘a fast-spinning disc
carrying rows of peripheral pegs so spaceq that all particles hit several
pegs forecibly as they are flung out by centrifugal action. The disc speed.
is such that any insects Qresent are smashed and killed.
.6.' The Future

Tt appears that, at least in the short term, the future for ghe
protection ;f étored grain will be bese£ with many problems. Although it
is probable that malathion will continue, fqr several years vet, to give

- - .

valuable protecticon, particularly for farm use and as a pre-storage
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'trggtment, it would be_realistic to conclude that its days as the mainstay
"£o£;c0ntrol of grain insects are numbered. It.is possible that, for a
period% dichlorvos may replace it, but here again the resistance already
emerging in some species suggests.that, at best, it mav only provide a
breathing spell of a further year or two. Any alternatives must be

-

effective against all the resistant strains of the dozen or so major

£ Tk

stored product beetiés and the -half dozen important moth species and it
is‘indeed fortunate Lhat resistant strains of all these species from
around the-world havé been ésseﬁbled in the FAQ survey. These strgin§
ﬁiil be invaluable in any screening for alternativg compounés. Even‘if
effective new materials are discovered the procedu?es for establishing an
acceptable 1e§el‘for insecticide residues in the grain through the
International Codex’ﬂlimentarious éommission are exceedingiy slow and,

at present, occupy more than 7 yeais, s0 there is no chance'of-aﬁ'accaptable
cheﬁical grain pfotectant appearing vifgually overnight.

The fumigants, methyl bromide and phosphine, will undcubtedly.play
a very important role in the next few years but, ﬁere t;o, the appearance of
resistant strains in overseas storages indicates that it woula be uﬁwise to rely
on them for more than the ne#£ few yeafs. Hydrogen cyanide and ethylene dibromide
may prove useful additional fumigants. |

In these circumstances, a brief conéideration is desirable of some
other possible approaches to control, and particularly physical methods that
do not rely upon the use of £oxicants. Grain pests constitute the only
major pest group wﬁose effective control by physical means appears to be
feasible.

(1) The value of grain aeration has already been stressed for,

cooler climates. The CSIRO Division of Mechanical Engineering is now
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inyestigating the use of re%rigerated air for regions where overnight
,;éif‘tgmpefafures remain'ﬁdd high to permit adequate cooling. The use of
-réfriéerated air is certainly feasible, but its adoption will depend.uponA
whether or not is is possible to carxy out hoth ;gsﬁiét;on and refrigeration
economical;y.' insulatibn may-élso prove to be advantageous in cocler
climates to enable the temperature of the surface of the grain to be
maintained at loweritemperatures. . o |

ﬁ2) An alternative appreoach, that merits careful consideration,
is the use of aeration machinery to propagate through the grain mass |
succesgife heat fronis in such a way-that éll insects will be killed.
This approach is under considerxation. o ' .

{3) A Quite-different metho@ that, at first sight, appears to.,
be the direct converse‘of aeratiennis airtight_storage. As I mentioned
earlier, it was suggested nearly 60 years ago dﬁring_World War 1. In its
simpletest form it is based on the principle that the metabolism of insects in
infested grain, sealed in a container, before long lowers the oxyéen tension
to a lethal level. With perfect sealing only about one part of
wheat in 7,000 is consumed before lethal conditions are produced. To bring
about 100% mortality of all stages reguires an increase of carbon
dioxide to 40% or a decrease of oxygen to 2.0% {Bailey, 1955, 1956, 1957,
1965, Denmead and.Bailey, 1966) and it is.the depletion of oxygen that
occurs first. BAdstralian experiments hgve shown that it is extremely
difficult to construct concrete silos that are imparvious to carbon dioxide
and water vapour, particularly as external pressure énd temperature changes
promote an air pumping action. Flexible pressure-eéualisation bags
have been proposed to overcome this problem. Alternatives to complete
sealing are to replace the air continuously by a gas'ﬁhat will not support life.

It is possible to do this, for example (a) by removing the oxygen from .air
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by-burning it to carbon dioxide using propane gas; (b} rby purging the
‘air by blowing in nitroggn derived from liquid nitrogen; or (c) by using
carboﬁ dioxide in G0% admixtuxe with air, which kills wmore rapidly but
is more expensive than the other methods. Siﬁce the time required for
moxrtality pnder these conditiops is température dependent this nmethod m;y ha%é
its greatest application in $e hotter climates where aeration is least
A ¢ '

appropriate. At the moment it is probable that the only qtoragew that can be
sealed eifectlvely are certain welded steel silos such as occur in parts of
South Australia, Victoria and Queensland.l Individual bins have a
cépacity of vp to 250,000 bushels.

Airtight storage i1s employed on a massive scale only in Argentina
where it is principally used for maize. ‘This is generally hérvested‘with-
a high (15 to 16%) mqisture content. The satisfactgry-proééction.obtained
may be‘dué to the fact that, even in only moderdately well sealed storaggs,
the very high respiratiqn rate of the moiét grain and of any associated fungi
and microorganisms maintainsg an oxygen tension low énough-to bhe lethal
to insecﬁs. |

(4) Aﬁother physical méthod that merits furthe? investigation
is the use of mechanical shqck. The entoleter, already de;cribéd; is
highly effgctive for flour, but the forces requirea to kiil the younger ... -
stages of grain beetles that live inside individual wheat grains are great
eﬁough to damage ‘2 or 3% of the grains and this has éo far been
regarded as an unacceptable level of damage. However, modifications of £he
method merit re-examination both from the point of view of their
effectiveness and of the economics involved. It has, for example, been
found that if ver% much smaller forces, more comparable with those sustained
during turning of grain, are applied either Qaily or every few day;

they are effective in preventing the development of immature stages.
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Ungortunately multiple treatments on the same day seem to be less
*effec?ive than the same~tdtal'number-of_treatments épplied on

succegsive days (Bailey, 1989).

Turning pf large bulks of infested grain several times a week

.wou;d be costly and in ény caée would not be possible without having
adeguate storage a%éilable to permit one bin at a time to be emptied.

The cause of death Egllowing ‘mild’ disturbaﬂcé is not yet understood;
but if its mechanism caﬁ be discovered it may prove possible to devise
simpler meéns to produce lethal effects.

| {5) The reguirements, not only of some of the physical methods

I

but alsc for the moét effective use of fumigants, draws attention cleéfiy
to the fact that the méjority of the major storage structures in Aus;ralia
have been bﬁi}t with far too littl; attention to the special Gesign
features_that wolld facilitate tﬁese methods’ and considerable improvement
in this respect is long overdﬁe. - |

k6) Tt is both.fashionable, and sometimes valuabie, to construct,
with the aid of a computer; a numerical model of any céﬁplex systém fhat man
. wishes to manipulate for his benefit and one of my colleagues has
recently embarked on such a projéct. It is highly impbrtant to the useful
application of any model fo gnow inter qlig what the.possibilities.are for
modifying the nature of the‘input and output 6f the model.

At present the input, the grain presented for storage, more
frequently than not contains insecté. This is because few wheat farms
are completely without infested grain and transédrt éontainers may harbour
infesta?ions. If it became possible to ensure that only clean grain came
into the larger commercial depots there is no doubt that the érain pest,

problems in Australia would be greatly diminished. Grain handling

machinery undoubtedly requires. redesign in order to enable far readier




acgéss for thorough cleansiﬂg. Furthermore, infestations could ﬁndoubtediy
.Eelreduced significantly if farme;s adopted, perhaps with additional
adVicé, the best available means of ensuring thét thelir farms and espécially
their storage areas were free from insects. Insecticides mighﬁ occasionally
be.required to supplgment strict hygiene. Cross infestation.from produée
other thaﬁ wheat would need cl;se at?ention. It is heartening to note
_that all States havéyrecently agreed to take concerted acti&n to reducé
the incidence of infestations in grain on the famm and in the smaller storages.
17) As for the output from the sysfem, no imporfing countrﬁ would wish
to have landéd on its shores wheat tﬁat presented it with an inbuilt control
‘problem. However, if grain irradiati&n procedures weré sufficiently:reliable
to guarantee that only sterilised insepts were present, it is perﬁaps not
impossigle for standards to be modified and to 1l1ift the embargo on living,
sterile insects providing it could be certified that the grain had received the
necessary radiation tﬁeatment. B |
To recapitulate, I advocate the following blueprint for the future:-
1. The establishment of greatly improved hygiene on farms and.
expecially in farm machinery.
2. The disinfestation of all tfansport used in handling grain.

3. The construction of stbrages designed to exclude insects and to _

facilitate fumigation and especially control measures that place minimal

reliance.on ﬁesficides.

4. The development and, wherever.possible, adoption of phyéical means
of épntrol (ambiegt alr, cooled air, inert atmospheres, mechanical éhock,
radiation).

5. . .The use of protectant ihsecticides and fumigants only where other
methdds fail to produce entirely satisfactorf results. ﬁ

I am confident that, with vigorous attention to such measures, it will

prove possible to meet the serious challenge that faces us.
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THABLE X

THE PRINCIPAL PESTS OF STORED WHEAT AND FLOUR IN AUSTRALIA

:Beotlgg
Orysaephi lus surinaéénsis (L.} Sav—tobth'g;ain beetle
‘Rhyzopertha domintica (F.) lesser .grain borer
Sitophilus granarius (L.) granary weevil
‘Sttophilus oryzae (L.) . rice weevil
Tribolium cas taneum (Herbst) rugt-red flour beetle

Triboliwn confusum Jac. du val. confused Fflour beetle

~Moths

Ephestia cautella (Walk.) tropical warehouse moth

Plodia interpunctella (Bibn.) Indidn meal moth

A
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