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ABSTRACT 

Cloth pests of stored products included in this work were EIhe$tä. n elute1]. a 
11 

(Iubner), Ephentia kuehnielte Zeller, Eahestia cautella (Walker), and P11odia 

n 
interpunctella (Hubner). Information was gathered on the physical limits of the 

four species, on the properties of cultures set up in the laboratory, and on the 

factors involved in the induction and termination of diapauze. Diapause was 

induced by low temperature and short do rlength in fully grown larvae of E. olutel] a 

and P. interpunctella. Light intensities below 1 lux affected the induction of 

diapause in both species. In P. interpunctella, another factor inducing diapause 

was high population density. Attempts to produce an arrest in the development cf 

E. cautella were unsuccessful. Termination of diapauso was hastened by such 

factors as long photoperiod, high temperature, chilling periods, and fumigation. 

Diapausing larvae of E. elutella were tolerant to methyl bromide, requirini 

concentration time (CT) products for 99% kill of 281 and 164 mg h/1 at 15 and 25 oC 

respectively. Diapausing larvae of P. interpunctella required CT products of 225 

and 67 mg h/1 at 10 and 25°C respectively for 995ä kill. In the absence of dir um 

all stages were susceptible to methyl bromide, succumbing to a CT product of 64 

mg h/1 at 15°C. 

With phosphine, the egg stage of all four species was highly tolerant for the 

first WS of the developmental period. Eggs exposed beyond this period showed a 

marked increase in susceptibility, and were controlled by less than 0.04 nmg/l in 

4-day exposures at 250C. Longer exposures of phosphino were more efficient than 

shorter ones of similar CT product, and Haber's rule could not be applied. 

Factors controlling diapause in laboratory and field stocks were different, and a 

correlation was observed between diapause intensity and tolerance to fumigation. 

Further information was gained by fumigating the high intensity diapausing stages 

of Pieris bra, sicae (L) and Bombyx mori (L). 
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INTRODUCTION 

Although eases und volatile liquids have been used for many years to control 

posts infesting stored products, most information on the toxicity of fumig: uzto 

to insects has been gathered for beetles, and little for moths, the second 

largest insect group of pests. Some moth species enter a diapauco, Which 

increases their tolerance to fumigation. The aim of the present work was to 

study the toxicity of the two most widely used fumigants, phosphine and methyl 

bromide, to all life stages of moths under controlled laboratory conditions. 

Where possible, experiments were designed to simulate storage conditions in 

choice of equipment, fumigation procedure and in the organisation and presentation 

of insects for test. Hence in the majority of experiments on the toxicity of 

phosphine, exposure periods, included the time required for the evolution of gas 

from the commercial formulation used. Experimental conditionn were carofully 

controlled with particular emphasis on fumigation temperature and the pbos 1o ical 

state of the post. Insects were reared and fumigated on a standardised food 

medium, and the relative humidity chosen for fumigation was one which would not 

adversely affect survival. All tests were conducted at atmospheric pressure. 

Many insects living in temperate regions, including come which have become pests 

of stored products, have evolved a facultative diapause which enables them to 

survive the winter, and the onset of this condition is determined by the 

environmental conditions prevailing at a sensitive phase in the life cycle. In 

the present work, the importance of diapauso in raising tolerance levels entailed 

much research into the factors governing the induction, maintenance and tminution 

of diapause. For stocks reared continuously in laboratories, diapause serves no 

obvious function, so there is selection against it. To obtain a rapid turnover 

of individual cultures, successive generations are started with the first adults 

to appear, and individuals in diapause are removed from the breeding line. In 

addition, laboratory stocks are isolated from natural climatic changes such as 

fluctuations in temperature and daylength which govern the induction of diapause. 
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For studies on diapause, fresh samples were obtained from nrtural infcstationa, 

and cultures bred from these were maintained at the laboratory in sites subject 

to the influence of the outside environment co that breeding and development 

were controlled by the seecons. 

REVIEW 

fl1 LIGATION AND INSECT CONTROL 

Fumigation is a very ancient practice. According to the writings of Homer, 

the fumes of burning sulphur were used for the disinfection of houses in Greece 

as early as the 12th century B. C. Until quite recently, sulphur dioxide was 

used to control bed bugs in houses, and it has also been used against pests in 

ships and warehouses. Sulphur dioxide never became popular in the milling 

industry because of the fire hazard of burning sulphur, the corrosive action on 

metals, and the adverse effect on grain and flour. The first compound to gain 

general acceptance as a grain fumigant was carbon disulphide. Its potential 

as a fumigant was reported in 1851E by Lazare Garreau, but it did not come into 

general use . until 1879 (Cotton, 1956). 

Hydrogen cyanide appeared on the scene in 1877 when it was used to kill Dermeotid 

beetles infesting a cabinet of insect specimens, and in 1886 it was used to control 

scale on citrus trees under tents (Cotton, 1956). Later, hydrogen cyanide was 

accepted for treatment of a very wide range of commodities, including grain and 
flour. 

It has been realized for over 40 years that phosphine and Methyl bromide are 

suitable for use a; iiu, ect fumigants. Nevortholess, these two compounds remain 

the most recent additions to the handful of fumigants in widespread use today. 

For oucccooful control by fumigation, both oxpoourc period and gas concentration i 
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are of great importance. The product of these two factors has proved a useful 

way of expressing fumigant dosage, as, within certain limits, long exposures at 

low concentrations, and short exposures- at high concentration-,, in general. give 

comparable results. Because there are two factors involved, there are two 

thresholds for mortality, a minimum concentration below which no kill is 

achieved, regardless of length of exposure, and a minimum exposure below which 

no concentration, however high, will result in mortality (Knight, 1925). A 

relationship thus operates where a given concentration-time (CT) product 

approximately achieves a particular level of mortality only over a restricted 

range of concentrations and exposures. In spite of this and other limitations 

which are extensively discussed by Sun (1947), the relationship, which is 

widely known as Haber's formula or rule, (Peters and Ganter, 1935; 1935a; 

Busvine, 1938; Page and Lubatti, 1939), remains an international method for 

expressing fumigant dosage. The units of CT products are generally quoted as 

mg x hours per litre (mg b/l). 

The toxicity of fumigants to insects is influenced by many factors before and 

after fumigation as well as during the actual exposure. In general, 

susceptibility if increased by subjection to high temperature, low pressure, 

or extremes of humidity. The nature of the infested commodity and. the 

condition of the pest insects themselves are additional factors of great 

importance. 

TOXICITY OF METHYL BR%lIDE TO INSECTS 

Historically, methyl bromide was first used as a fire depressant with 

inflammable fumigants such as ethylene oxide. In testing such a mixture 

against several species, including the Granary weevil Sitophilus flranarius 

(Linnaeus), Le Goupile (1932) noticed an increased insecticidal action, and 

after conducting toxicity tests with methyl bromide alone, he proposed that 

the compound should be used as an insect furiigrant. Le Goupila& first 
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experiments were performed undor partial vacuum, a technique first inveotigated 

in America, just before the first world war, and one which had become widely 

practiced in France by the time the insecticidal properties of methyl bromide 

were discovered (Lepigre, 1949). 

Work on the toxicity of methyl bromide to insects gained momentum through the 

30's, and the fumigant was put to use in the horticultural and fruit industries. 

In Morocco during February, 1934, Francolini (1935) conducted the first methyl 

bromide fumigation of a grain storo. The grain was infested with weevils then 

identified as the Rice weevil Sitophilus or zae (Linnaeus), and a few 

S. 
-L,: 

ranarius. As a result of the treathent, complete control was obtained. 

More specific data on the toxicity of methyl bromide to storage pests were 

presented by Shepard and co-workers (Shepard et l. 9 1937; Fisk and Shepard, 

1938; Shepard and Buzicl: y, 1939). Tests were conducted at atmospheric 

pressure With 5-hour exposures at 2,5°C. 

In the United KinGdom today, methyl bromide is by far the most commonly used 

fumigant. It is suitable for the control of rodents and micro-organisms as 

well as insects, and is used in treating a wide range of materials in 

warehouses, factories, hills, silos, ships, trucks, vacuum chambers, glasshouses, 

poultry houses, or anywhere under gas-proof sheeting. The properties and 

usage of methyl bromide were fully reviewed by Thompson (1966). 

CT products required for adequate control vary widely with temperature. On 

the basis of work done at what is now the Post Infestation Control Laboratory, 

Brown (1959) estimated the minimum CT products required for a 99.9% kill of a 

range of beetle pests of stored products at various temperatures (table 1). 
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TABLE 1. Estimates of minimum CTr ducts Givinr at least . ki17. 

of a variety of insect species. (Brown, 1959) 

Tamp °C CT product : mg x hr per litre 

10 200 

15 180 

" 20 150 

25 100 
30 70 
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These estimates form the basis of the current dosages recommended by the U. K. 

Ministry of. Agriculture, Fisheries and Fooß for methyl bromide fumigations of 

foodstuffs (Thompson, 1970). Higher dosages are recommended for controlling 

infestations of mites, or of the Ihapra beetle Trogodez a amanariiam Everts. 

A CT product of 290 mg h/i in required for a 99.9 kill of T. , ranarium larvae 

at 10°C (Reynolds, 1956). Dosages are also varied according to the nature of 

the commodity treated to allow for differences of sorption and pene- 

tration. The threshold concentration for mortality with methyl bromide is 

about 2 mg/1 (Brown, 1959), and care is taken to provent gas concentrations 

falling near this level during treatments. In specifications recommended to 

the European Plant Protection Organisation (Thompson, 1970), the total input 

of methyl bromide is calculated as the aum of two temperature dependent 

values, a dosage per cubic metre of the enclosure, and a dosage per ton of 

the particular commodity under treatment. Dosages required for control of 

more tolerant species at low temperatures may taint certain commodities, and 

in these cases methyl bromide is not a suitable fumigant. 

The first account of the effectiveness of methyl bromide against Pyralid 

stored product peat species appeared in 1936 in the Annual Report of the 

United States Bureau of Entomology and Plant Quarantine, in which complete 

control of the Raisin moth Ephestia figulilella Gregson*, and the Indian- 

meal moth Plodia interpunctella (Hübner), was-claimed after a treatment of 

25 lb boxes of packed raisins. In tests on a number of storage species, 

Lopesme (1938) found that a dose of 20 mg/l of methyl bromide in a 90 

minute exposure at a lowered pressure of 50 mg Hg, was effective against the 

Mediterranean flour moth Ephestia luehniella Zeller. Shepard and Buzicky 

(1939) included P. interpunctella among twelve test species, and quoted 

LO 50 values of 5.0 and 3.1 mg/1 respectively for larvae and adults in 5- 

hour fumigations at 25°C. 

* Taxonomy of Pyralid moths after Whalley (1970). 
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Since the Second World War, little work has been done on the relative toxicity 

of methyl bromide to moth posts of stored products, although effective control 

has been reported in a wide range of trials conducted in the field. Phillips 

Ot1. (1959) conducted laboratory tests exposing all stages of the 17arehouse 

moth Ephestia olutella (IIübnor) in columns packed with cocoa beans, and 

obtained complete kill with CT products of about 50 mg h/l at 26.7°C. Harein 

and Press (1966), fumigating P. in rpunctolla larvae in peanuts at 25-20°C, 

60% + 10 relative humidity (RH), obtained LD 50 and LD 95 values of 2.35 - 

3.91 mg/l and 6.19 - 6.41 rg/l respectively in 24-hour exposures. More 

recently Mostafa et al. (1972), working on eggs at 26°C, 65% ail , obtained 

LD 50 values for E. kuehniella ranging from 10.7 - 15.4 mg/il, depending on 

age and length of exposure. He concluded that with methyl bromide, concon- 

tration was the more important factor in the CT product, but the longest 

exposure period tested was only 7 hours. 

Contradictory results have been reported for the susceptibility of diapausing 

larvae of P. Reynolds (1961) noted only 805 mortality of 

diapausing larvae which had developed on Rhodesian white maize from a CT 

product of 100 mg h/l at 25°C, indicating very high tolerance. In contrast, 

Sardesai (1968; 1972), working on larvae reared on a food medium comprising 

five parts wheatmeal to one part glycerol, obtained an LD 95 of only 58 mg h/1 

with 4-hour exposures at 26.7°C. 

The possibilities of using methyl broaide in mixture with other gases have 

boon investigated for many years. Jones (1938) investigated the effect of 

various carbon dioxide concentrations on fumigations of the Rust-red flour 

beetle Triboliu: m castaneum (Herbst). He found that carbon dioxide enhanced 

fumigant efficiency, but to a lesser extent with methyl bromide than with ncthyl 

formate or ethylene oxide. High carbon dioxide concentrations reduced the 

kill of insects, and the best results were obtained for methyl bromide with 1C 
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carbon dioxide. More recent work (Calderon und Carmi, 1971; 1973) has 

demonstrated that the pro cnce of carbon dioxide can assist the distribution 

of methyl bromide in vertical bins loaded with grain. 

Fumigation trials have been conducted with varying degrees of success on many 

other gas mixtures containing methyl bromide. Mixtures of methyl bromide 

with hydrogen cyanide and with ethylene dibromide have been reported to exhibit 

synergism (Johnson, 1939; Dawson, 1952). Today, methyl bromide applied 

commercially quite often contains 2'5' by weight chloropicrin. This in used an 

a lachrymatory agent to provide warning of leakages, as methyl bromide is highly 

toxic to man, and cannot be detected by smell at the concentrations normally 

met with in practice (Brown, 1950; Watkins, 1964). The small amounts of 

chloropicrin present would be unlikely to affect insect mortality, and similar 

results with or without the additive would be expected. In the present work, 

pure methyl bromide was used. 

TOXICITY OF PHOSPHIIJE TO INSECTS 

The insecticidal properties of phosphine have boon known since the early 

twenties (Gunn, 1959), and formulations releasing the gas were first prepared 

under the name of 'Dolicia' by Chemische Fabrik Delitia of Delitzsch, now in 

East Germany. The formulation consisted of various metal phosphides, notably 

those of barium, calcium, aluminium and magnesium (Freyberg and Freyberg, 1937), 

which decompose in the presence of moisture to produce phosphine gas and the 

metal hydroxide. The phosphides, in powder form, were placed in gas- 

permeable paper packets and which were kept in sealed containers ready for use. 

A comprehensive account of a fumigation of bulk grain for insect control with 

the Dolicia packet formulation is given by Mischon (1939)" Complete 

decomposition of the formulation took about 8 days, and the control obtained 

was satisfactory. 

A disadvantage of early phosphine fo=ulations wa: the risk of spontaneous 
-0r. 



combustion of high concentrations of the gas in the presence of oxygen. 

Phosphino is also highly toxic to man, and has a corrosive action on certain 

metals, particularly copper. Nevertheless, the fumigant penetrates well, and 

is highly toxic to insects. Harmful residues are unlikely (Heseltine and 

Thompson, 1957; Bruce et al., 1962), and the ability of grain to germinate is 

not impaired (van den Bruel and Bollaerts, 1956; Gunn, 1959). It is there- 

fore surprising that phosphine was not used as a grain fumigant outside 

Germany until about twenty years ago when a new formulation was produced by 

another Germany company, Deutsche Gesellschaft fair Schttdlingsbektimpfung 

(Degesch) of Frankfurt am Main. This formulation consisted of finely powdered 

aluminium phosphide and ammonium carbamate compressed into 3g tablets. The 

phosphide evolved 1g of phosphine while the ammonium carbamate dissociated 

to give ammonia, the odour of which gave an early warning of the breakdown of 

the tablet, and carbon dioxide, which reduced the fire risk. In a series of 

toxicity experiments on the tablet formulation in bins containing sorghum, 

van den Bruel and Bollaerts (1956) obtained good control of S. granarius and 

T. granarium at a range of temperatures, especially when the bins were scaled. 

Heseltine and Thompson (1957), quoting results obtained in Germany, reported 

that all stages of grain beetles of the genera Cryptolestes and Cry zaephilus 

were killed by a CT product of 10 mg h/1. Younger pupae of S. ganarius, 

however, proved exceedingly tolerant and a CT product of 300 mg h/1 was 

required for complete control. For the best results the manufacturers advised 

minimum exposure periods of three to five days, depending on temperature. 

Bhcpocure time is a major consideration in phoophine fumigations, as different 

stages of the same species vary greatly in susceptibility to the fumigant, and 

development continues during the actual exposure (Reynolds ot al., 1967; 

Barker, 1969; Burns Brown et al., 1969; Howe, 1973), Variable results are 

obtained with short exposures, oven in tests on adults. Barker (1969) found 

that in 5-hour exposures at 24°C, a complete kill of adult Cx tole: tes spp. 
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could not be obtained even with a phosphine concentration of 6.48&g per 19 

while concentrations between 0.03 and 0.076mg/1 were sufficient for 505 kill. 

An advantage of the tablet formulation of phosphine is that relatively 

unskilled workers can perform fumigations because little gas is evolved in the 

first hour of exposure, and a test area. can be treated and vacated within this 

time (Heseltine and Thompson, 1957). The formulation has been further improved 

by the addition of a water-resistant coat comprised of hard waxx or tristearin 

containing a disruptive agent to control the initial rate of evolution of 

gas (Rauseher at al., 1962; 1962a). Under normal conditions of humidity, -very 

little phosphine is evolved during the first four hours after tablets were 

exposed to air, giving extra time to perform the fumigation. 

Today, formulations of phosphine are produced by four separate companies 

(Prevett and Ratchford, 1972). The tablet formulation of Degesch described 

above is exported under the trade name Phostoxin. Pellets one-fifth the weight 

of tablets are also available. Excel Industries of Bombay market similar 

tablet and pellet formulations under the name of Celphos. The first company 

to market phosphine has now split into two, one in East Germany and one in 

West Germany. The eastern concern still market: under the name of Delicia and 

produces both bags and tablets. The western offshoot, Chemische Fabrik of 

Weinheim, produces bags and tablets under the names of Detia Gas-Ex-B and 

Gas-Ex-T. Standard recommendations for precautions in the use of aluminium 

phosphide preparations in the control of insects and mites have been prepared 

by the U. K. hinistry of Agriculture Fisheries and Food (1973)" Dosages varying 

from 2-15 tablets per ton are generally applied for. grain fumigation, depending 

on temperature, and on the extent to which the fumigation area can be rendered 

gas tight. Table 2 su rices tho recommendation: of manufacturors for treating 

grain for insect control in various situations, assuming reasonable 

conditions for the retention of gas. 
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Literature on the toxicity of phosphine to moth pests of stored products is 

sparse. Much of the work done in Germany before the Second World War has 

fallen into obscurity. Mischon (1939) stated that many species including 

E. elutella could be effectively controlled by use of the Delicia formulation 

and Tomazewski (1941) reported effective control of E. kuehniella in empty 

storerooms. No detailed account of the relative toxicity of phosphine to 

insects appeared until after the marketing of the first tablet formulation, and 

it was only comparatively recently that such work included moths among the test 

insects. Successful control has howover been reported from time to time in a 

number of field trials involving P. interpunctella (Ilicl 1965; Adozuyi and 

Cornea, 1967; Sinha et al., 1967), E. elutella (Todorovski, 1960), E. kuehniella 

(Horak and Strosova, 1963), and E hestia cautella (Walker) (Tropical warehouse 

moth) (Riley and Simmons, 1968; Carmi and Calderon, 1969). Lindgren and 

Vincent (1966) included P. internunctella larvae in toxicity tests at 26.7°C 

and obtained values of 0.01 and 0.078 mg/1 respectively for the LD 50 and LD 99 

in 24-hour exposures, giving CT products of 0.24 and 1.87 mg b/1. Brown et al. 

(1969), exposing all stages of development to phosphine, found that E. cautella 

was completely controlled by a CT product of loss than 20, and P. interpunctel]a 

by a CT product of less than 40 mg h/1 in 2-day exposures at 25°C. In 4 and 

7-day exposures, both species were far more susceptible. In early work of the 

present project (Bell and Glanville, 1970), the egg stage of four Pyralid moths, 

E. olutella, E. kuehniclla, E. cautella and P. interpunctella, was found to be 

very tolerant. All species survived a CT product of 38 mg b/1 in a 2-day 

exxposurel but the 
. tolerant phase only spanned the first two days of development 

in the egg at 25°C, and in 4-day exposures, a CT product of 5 mg h/1 killed all 

stages. Ba�karan and Nookherjee (1971) fumigating E. cautella in 24-hour 

exposures at 29+ 1°C found 0-1 day old eggs to be four or five times more 

tolerant than larvae. The LD 50 for eggs varied from about 0.12 to 0.13 mg/1. 
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In contrast, t: uthu (1973), testing cggs of E. crnztolla in 211-hour expooures 

at 25°C, reported an LD 50 value of. 1.2 mg per 1, and an LD 99 value of 28.0 rig 

per 1. Information is lacking, however, on the age or numbers of egga treated. 

All stages of P. interpunctella have now been tested at 26.7°C (Vincent and 

Lindgren, 1972a) and the egg again proved to be the least susceptible stags. 

requiring 1.9 mg/1 for 24 hours to achieve 95`ö kill. Larvae, pupae and adults 

required 0.060,0.087 and 0.021 mg/1 respectively, for a similar level of kill. 

Phosphine has not been employed in vacuum fumigation an its toxic action is 

dependant on the presence of oxygen (Bond et al., 1967; Raüscher, 1972). As 

its method of application is different, phosphine is seldom used with other 

fumigants. However, in Germany mills have been fumigated with mixtures of 

hydrogen cyanide and phosphine, good results have been obtained. The effect 

of insecticide synergists on the toxic action of phosphine has been investigated, 

and synergism was'observed against T. castaneum and houseflies using piperonyl 

butoxide (Rajak and Hewlett, 1971). 

FACTORS AFFECTING FUMIGANT TOXICITY TO INSECTS 

Chemicals injurious to life can kill only if they reach the sites of action in 

the target organism. In large scale fumigations, many factors can combine to 

divert the toxicant from the post to be controlled. huch of the original, dose 

applied ccul be absorbed by the commodity being treated, lowering the San 

concentration in free spaces. A high power of penetration is a major requircn: -nt 

for an efficient Amigant. It ensures a rapid arrival at the site of action, 

and often enables a rapid evolution of gar, during airing. The nature and stato 

of the commodity influences. penetration rate. In largo food bulky, penetration 

may be slow or irregular due to such factors no sorption, variable temperatures 

within the bulk (perhaps duo to 'hot spots' associated with an infestation), 

local air movements and draughts, leakage from the fumigation area, and chemical 
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reaction with the commodity itself or. with certain substances in the fabric of 

the building. The provision of an air circulatory system greatly improves gas 

penetration and distribution within"a food bulk (Turtle, 1950), and certain 

application methods, such as the distribution of aluminium phosphide tablets 

within bulk grain for phosphine fumigations, can effectively reduce the 

distances to be penetrated. In general, penetration is enhanced by increasing 

the length of the exposure period, as long as sufficient gas is available in 

free spaces. Long exposures also prove advantageous when pests continue to 

develop during fumigation out of short resistant phases in the life cycle into 

susceptible ones (Reynolds et al., 1967). 

Funigants enter insects by passing through the cuticle, but passage is assisted 

if the spiracles arc open and the insect is actively respiring. Factors 

increasing the rates of metabolism and respiration will generally increase 

susceptibility to fumigation (Cotton, 1932). Enormous differences exist in the 

tolerance levels of different species to a particular fumigant. Mithin a single 

species, different stages commonly differ widely in susceptibility, greatest 

tolerance usually being shown by eggs or pupae (Howe and Hole, 1966; Howe, 1973). 

Different stocks of the same species may differ in susceptibility (Barker, 1967; 

1969; 1970; Lindgren and Vincent, 1965) and differences in tolerance have boon 

noted between the two sexes in both pupae and adults (Loschiavo, 1960; Girish, 

1966). 

The appearance of true resistance to fumigants among field populations of stored 

product insects has not yet become a problem in economic entomology. A resistant 

population may be regarded as one with an added ability to withstand a toxicant, 

acquired by breeding from survivors of exposures to the toxicant which kill 
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substantial numbers of the colony (Hoskins and Gordon, 1956). It is 

essentially a preadaptive phenomenon in the sense that the Gene or Cones which 

confer resistance through control of some biochemical process are present in 

the population before the introduction of a selection pressure. AfterMMielander 

(1914) first raised the question of the ability of insects to develop 

resistance, Quayle (1916; 1922; 1938) found that certain scale insects 

infesting Californian citrus orchards had developed resistance to hydrocyanic 

acid gas in tent fumigations. The level of resistance was low, but the 

increased dose required for satisfactory control was too high for the safety 

of the trees. 
I 

In most circumstances fumigants do not favour the development of resistance 

because they are not persistant and are usually poisons with many different 

modes of action. The resistance of scale insects to hydrogen cyanide remains 

the only well documented case of insect resistance to fumigation in practice, 

although strains have been specially selected in the laboratory. Monro t al. 

(1961) increased tolerance to methyl bromide 5.5 times in S. granarius adults 

after 27 selections. After 13 more selections, tolerance to methyl bromide 

was increased from 5.5 times to 7 times (Monro, 1961+). From these results, 

Monro concluded that resistance to methyl bromide was unlikely to appear 

rapidly in the field, and that the form of resistance obtained was best 

described as vigour tolerance because it was non-specific and of a low order. 

More recently Ellis (1972), working with the same strain after 67 selections, 

found a difference in the rates of uptake and metabolism of radiolabelled 

ethylene dibromide, and expressed a need to define vigour tolerance an a 

multifactorial., non-specific, low order difference in susceptibility. 
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In his work or. selection with ncthyl bromido, Monro (1961) tested for cross 

tolerance to other fumigants. Under selection preecure by methyl bromide, 

the tolerance induced t. o phosphine in one strain was five times greater in 

5-hour exposures than for methyl bromide itself. 

S. rranarius adults have also been subjected to selection with phosphine 

(Monro at al., 1972). After 28 selections, a few adults were able to survive 

78-hour exposures to a concentration falling from about 13ng/l to 2-3m /1 at 

250C, whereas unselected insects succumbed after 18 hours. Cross tolerance 

to other fumigants was low. The possibility of cross resistance to fumigants 

arising as a result of selection pressure by chemicals of a more persistent 

nature has been little investigated. Bhatia and Bansode (1971) reported no 

significant cross resistance to a range of fumigants in a DDT-resistant 

strain of T. castaneui, but nevertheless resistance to funigsntc in practical 

situations may be more likely to occur where strong selection by other 

toxicants has occurred. 

Different fumigants act in a variety of ways. Some such as phosphine require 

the presence of oxygen (Bond et al., 1967; 1969), while others are most toxic 

in anoxic conditions. The absence of oxygen may prove advantageous against 

some species but not with others because of the wide variability in response 

to anoxia (Bond and Monro, 1967). However, very low oxygen concentrations 

kill insects in long exposures probably because the cpiracles open in response 

to a build up of lactic acid and other metabolites of anaerobic respiration, 

giving rise to desiccation (Wiggleeworth, 1935; Harein and Press, 1968; Jay 

et al., 1971). In storage bins where an effective seal can be maintained, 

infestations become self limiting due to the depletion of oxygen (Bailey, 1955; 

1965). 
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With fumigants not requiring oxygen in order to be toxic, low pressure 

generally increases the level of kill, but in some cases a marked lowering of 

toxicity may occur at certain pressures, the exact level depending on the 

species tested (Monro, 1959). This effect is linked with vapour pressure, 

because in general fumigants with low boiling points and high vapour pressures 

are involved (Monro et aa].., 1966). Lowered pressure reduces the availability 

of oxygen with the result that carbon dioxide becomes more toxic to insects 

(Harein and Press, 1968; Marzko at l., 1970). Carbon dioxide has often 

been used with fumigants, notably with ethylene oxide under vacuum, usually in 

the dual capacity of fire depressant and secondary toxicant. It can also 

assist fumigant penetration and distribution (Peters and Ganter, 1935a; 

Calderon and Cai, 1971; 1973). Also it stimulates insect spiracle, to 

remain open (Hazelhoff, 1927; Hellanby, 1934; Wigglesworth, 1935), which 

facilitates the entry of fumigants and increases water loss. Adults of the 

bug Rhodnius prolixus Al die within 3 days in a dry atmosphere containing 

5-1Q carbon dioxide (4Jigglesworth and Gillett, 1936; wiggleswortii, 1972) . 

In general, much higher levels of carbon dioxide are required for high 

mortality than can be administered in large scale fumigations. 

Relative humidity (RII) at atmospheric pressure does not greatly affect the 

results of fumigations, unless insects are exposed to vary high or very low 

levels for some time before the introduction of gas. Under reduced pressure, 

high Fei generally increases susceptibility (Monro, 1959), probably because 

spiracular control is loosened (Miller, 1964). In very low oxygen or high 

carbon dioxide concentrations, high RH increases survival in the absence of 

fmiigantc (Pcarman and Jay, 1970; Jay et l., 1971), as reduced saturation 

deficits retard rate of water loss through the spiracles. High RH can also 

increase the corptive capacity of the treated commodity. 
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Perhaps the most important factor affecting fumigation results is temperature. 

Metabolic and developmental rates of all insects are temperature dependent. 

Increased temperature within the devolop,; ental range of a species generally 

reduces both the concentration and exposure period needed for a particular 

level of kill (Cotton, 1932; Peters and Ganter, 1935; 1935a; Sun, 1947; 

Muthu and Pingale, 1955; Kenaga, 1957; Lindgren and Vincent, 1960; Estes, 

1965). However, temperatures below the lower limit for development may 

increase susceptibility by combining the effects of cold and fumigation (Peters 

and Ganter, 1935). Temperature also influences the extent and rate of oorptim. 

Physical sorption is reduced at high temperatures, and as total sorption is 

usually lower, more fumigant is available for pest control (Lindgren and Vincent, 

1960). On the other hand, chemical sorption increases with temperature rises 

(Heuler, 1961; Lindgren et al., 1962), and in certain cases an overall 

reduction in the amount of free fumigant can occur. Another effect of high 

temperature is the increase in rates of diffusion and penetration, which by 

enhancing fumigant efficiency again increases the level and rate of kill. 

Random measurement of temperature within a bulk of stored grain is not a good 

enough guide to the temperature at which pests are actually developing. 

Insects produce metabolic heat which causes 'hot spots', areas of greatly 

increased temperature within the bulk (Back and Cotton, 1924). The amount of 

heating is proportional to the number of actively feeding larvae present 

(Flanders, 1933), and is limited by the heat tolerance of the insects themselves 

rather than by any differential between internal and external temperatures ' 

(Howe, 1962). Insect populations are usually distributed around the edge of 

expanding areas of hot grain because of the continual outward movement of 

individuals from areas of high population density and temperature. 
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Heating can be a problem in cultures prepared for fumigation experiments at 

controlled temperatures. Temperature rises of over 50C have been reported in 

n 
cultures of E. kuhniella set up in 15cm square cardboard boxes with a 1-15cm 

layer of food (Wishart, 1942). Tc gerat;. res over 270C are reported to cause 

a retardation. of spermatogenesis in males of this species (Norris, 1933; 

Raichoudhury, 1936) and high-density cultures reared at 25°C therefore may 

produce infertility in males that emerge. There is also increased competition 

for food at high population densities, and populations tend to become self 

liMiting. Flanders (1933) found that cultures of the Angoumois grain moth 

Sitotroga cerealella (Olivier) set up with 2 newly-hatched larvae per grain of 

ordinary white corn, produced more adults than cultures set up with 4 larvae 

per grain. Although high population pressure may lead to reduced biological 

efficiency in terms of fecundity and percentage survival from egg to adult, 

it can increase the tolerance to control measures firstly because of competition 

for food leading to starving and a reduction of metabolic rate (Sun, 19117), and 

secondly because resting stages appear in response to crowding or the 

contamination of food with faecal material. Two storage pests where diapause 

may be induced by such conditions arc P. interpunctella (Tsuji, 1959) and 

T. granarium(Burger, 1956a). 

It is weil recognised that rearing food can influence susceptibility of insects 

to poisons (Sun, 19k7; Lal and Singh, 1966; La], and Attri, 1967; Urs and 

Mookherjee, 1967). Insects reared on foods of high nutritional value, or on 

the preferred food of the species, ere generally more susceptible than those 

reared on other foods (Punj, 1970; 1971; Murthy and Srivastava, 1971). 

Different stages of the same insect, however, may differ in their order of 

susceptibility on a range of foods (Baskaran and Iiookherjee, 1971). No results 

have yet appeared on the effect of rearing food on the susceptibility of 
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insects in diapause, but unless nutrition limits healthy development, its 

a 

effect should not be so marked a in cto, es with an active metabolism. 

However, rearing food may be instru ental in producing diapause, as reported 

for E. elutella by Taloff (191+8), and for P. interounctella by Williams (1964). 

In conclusion, some methods of interpreting toxicity results must be mentioned. 

The toxicity of a fumigant is usefully evaluated only as the minimum dosage 

required for a total kill, as all practical fumigations are aimed at complete 

control. The statistical uncertainty of the 100; 5 mortality level has caused 

a marginal level, 99.94, kill, to be adopted instead for comparative purposes. 

In practical situations this dosage has appeared to give adequate results 

(Brown and Reynolds, 1965). The LD 99.9 is commonly obtained by extrapolation 

from a probit mortality against log CT product regression line. The probit 

transformation for dose-mortality responses is described by Bliss (1934a, 1934b, 

1935). Because the transformation does not give linear results for very high 

mortalities, extrapolation of regression lines for the LD 99.9 yields inaccurate, 

results. In tests on the immature stages of S. granariuc, Howe and Hole (1967) 

showed that the slope of the regression line can change long before the 99.9% 

mortality level. Extrapolated values for the LD 99.9 consistently over- 

estimated the true result, although for very homogenous populations, the 

discrepancy was not so apparent. 

Another factor affecting reault$ is the definition of death in test inccctc, 

and the timing of tho mortality assessment. Death after fumigation may be very 

delayed, and assessments conducted after a week or longer yield higher 

nortalitien than those conducted coon after airing (Peters and Ganter, 1935a; 

Sun, 1947; Phillips at l., 1959; Sinha at a1., 1967). Hence doscs which 

fail to kill insects rapidly may still achieve adequate control. It is 

necessary to assess mortality long after fumigation in field trials so that the 

more tolerant 8twes, of the life cycle, which nro often difficult to isolate, 
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have a chance to progress to the adult ctaGe. For a complete evaluation 

0 

of fumigation efficiency, it in essential to examine the fertility of 

survivors. Lo, chiavo (1960), working with the flour beetle Trib oliurn 

confusurn duVal, observed a reduced fecundity and fertility of adult survivors 

of fumigations with ethylene dibromide. Howe and Hole (1967) observed low 

fertility of survivors frort tests with methyl bromide on larvae and pupae of 

S. granarius. Winks (1971) reported that doses of phosphine giving some kill 

of T. castaneura pupae lowered fertility in the subsequent adults, and when 

adults were fumigated with doses giving a high level of kill, the infertility 

of survivors was total. For practical purposes it is of little consequence 

how long individuals take to die if they have been sterilized, even if feeding 

continues for a while. The disadvantage of toxicants giving a delayed action 

is the disquieting effect of observing insects moving coon after a fumigation, 

which may give rice to an erroneous assumption about the effectiveness of the 

control procedure. 

DIAPAUSE IN RELATION TO MOTHS n=T1 G STORED PROD'UC'TS 

Diapause has been developed by many arthropods that have become established 

in temperate zones. It has survival value as an overwintering mechanism, and 

is closely linked to the natural environment, typically being controlled by 

seasonal daylength, temperature, and nutrition. In the storage environment, 

changes in microclimate are greatly buffered, and changes tend to be sudden when 

hot spots are produced by an infestation, or when some of the food bulk is 

removed or disturbed. Here, diapause may have biological significance as a 

synchronising mechanism for emergence in favourable conditions, rather than 

as an ovorwintering device (Howe, 1962a). 
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Diapause is usually characterised by inactivity and a halt. in Crowth, coupled 

with a lowered metabolic rate and an"increazed tolerance to adverse conditions 

such as heat, cold, drought, or stresses imposed by control procedures. It 

is known to occur in all stages of' development, depending on the species, and 

in some cases it occurs more than once in the life cycle (Howe, 1962a). The 

term diapause originates from embryological studies on grasshopper eggs, where 

it was used to describe the halt in the movement of the embryo between 

anatrepsis and catatrepsis. Henneguy (1904) applied the term to any condition 

of arrested growth whether in the developing or the adult insect. Shelford 

(1929) suggested restricting the term to instances where an arrest occurred for 

no apparent reason, and not simply as a result of unfavourable conditions. 

Thus diapause was distinguished from the more general state of quiescence, in 

which development was stopped or started in immediate response to environmental 

changes. Shelfords definition is no longer accurate as, in an increasing 

number of cases, the stimulus for diapause can be traced back to the 

environment, and the condition is better considered as one in which development 

does not proceedyalthough the environment is favourable for growth (Lees, 1955). 

Recently, there have been attempts to classify diapause according to how many 

environmental factors play a part in its control. Agreement on this idea, 

however, has not yet been reached (Thiele, 1973). 

Diapause is a physiological condition which, once produced, requires the 

completion of a number of processes before it is terminated. Andrewartha and 

Birch (1954) recognised that physiological change was necessary during diapause 

before resumption of active morphogenesis, and introduced the term tidiapause 

development". Certain stimuli, such as prolonged exposure to cold, often help 

to bring about the termination of diapaune, and may be said to favour diapause 

development. 
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Bancd on whether or not the environment plays a part in its formation, diapausc 

is divided into two types. Diapause is defined as obligatory where the arrest 

occurs in every generation automatically, ouch an in northern races of many 

Lepidoptera, including the Silk Moth Borbyx r., ori_(L). Such races are 

restricted to one veneration each year and are said to be univoltine. In other 

insects, diapau, e in facultative and environmentall, conditions decide whether or 

not an arrest appears in a particular generation. Such insects can be bivoltine 

or multivoltine as two or more generations can occur each year. Most species 

fit into this definition, although the range of environmental conditions 

favouring development without diapause may be limited. }! any insects with a 

facultative diapause can be rendered univoltine by their environment. Many 

moths inhabiting northern Europe complete only one generation a year, including 

Eohhcstia Blut lla in Scotland, where slow development through the cool summer 

does not produce the sensitive stage until autumn, when conditions result in 

diapause. E. elutella enters diapauso at 25°C when the daylength experienced 
11 

po1,1964), or by newly - moulted last instar larvae is 14 hours or less (Strt WIT 

when temperature is lowered during development (Maloff, 1949). It is known as 

a long-day species, as long drays favour active development. 

The sensitive phase for diapause induction is usually quite separate from the 

diapauso phase itself. In E. elutella diapauso follows completion of feeding 

in the last larval inztar while cenoitivity occurs at the last larval moult 

(Strutpel, 1964). In the Large white butterfly Picric brassicae (L) I the 

conditions experienced by larvae between the third moult und the early days of 

the fifth instur initiate the pupal diapaune (Claret, 1966; 1972)" Races of 

Boribyx mori 
, 
possessing a facultative diapau. e exhibit a short-day reeponce, as 

diapauce is induced when the daylongth exceeds 14 hours (Kogure, 1933). Here, 

the cennitivo phone occurs in older egge and young larvae, but diapauce does not 

occur until early in the development of the next generation of eggs laid. The 
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unusually aride separation of sensitive phase and dinpause. perhaps explains 

why long days are required to ensure that a developmental arrest occurs at 

the right time for overwintering. 

The photoperiodic range at a given tctiperature o cr which diapauco increases 

It fron 0 to 100% in a particular population is quite narrow. Stru^1pe1 (1964) 

found that whereas in a 15-hour photoperiod no larvae of E. elutella entered 

diapause at 25°C, virtually all did so in a 13-hour photoperiod. The term 

critical photoperiod is used to denote that photoperiod at which the rate of 

change in the incidence of diapause becomes most rapid (Lees, 1955)" In 

this country, the critical photoperiod often lies between 14 and 15 hours, 

but elsewhere, different races of various species may have critical 

photoperiods varying from 14 to 19 hours, increasing with the latitude at 

which the insects were taken (Danilevckii, 1961; ttaslennikova and 

Nustafayeva, 1971). With very long daylengths of 22 hours or more, in 

continual light, in total darkness, or with very short daylengths, results 

are often irregular, with some of the population entering diapause and others 

not. It is therefore apparent that in many species, both the light and dark 

phases need to be of a minimum length for the photoperiodic messazo to be 

clearly interpreted. 
} 

Critical photoperiod is influenced by the temperature experienced by the 

light sensitive stages. Firstly, a fall in temperature of 50C generally 

lengthens the critical photoperiod by l-lj hours, but in Pieria brassicae, 

temperatures from 12 to 26°C give similar results (Danilevskii, 1961). 

Anrrther species similar to P. brassicae in this way is the European corn borer 

rausta F3' nubilali^ (Hubner) (Beck and Hanec, 1960). Secandlyo, a minimum, 

temperature is required for the reception of light stimuli, but the 

photoperiodic response is largely determined by the temperature during the 
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dark phase (Lees, 1955; Danilevskii, 1961), high temperatures inhibiting 

diapauso. 

Recently, it has been found that at different times of year, the relation 

between temperature and the photoperiodic response can alter (Ceyspits of ., 

1972). In the Pine moth Dendrolimus 12ini L., the critical photoperiod for 

larvae obtained between I-larch and June is independent of temperature within 

the range of 15-25°C, but from August onwards, there is marked variation in 

the critical photoperiod obtained at various temperatures. 

0 

In most species, diapause is induced by a minimum number of photoperiods 

shorter than the critical photoperiod. Danilevskii (1961) quotes values 

between 5 and 20 photoperiods for various species. The number required does 

not seer. to be affected by temperature (Tyshchenko at 1.9 1972; Goryehin 

and Tyshchenko, 1973)" 

In some species, diapause is controlled by progressive changes in photoperiod, 

rather than by a particular number of short daylengtho. This situation was 

first observed in the dragonfly Anax Imperator Leach (Corbet, 1954). 

Recently, diapau3e in the Green lacewing Chry o ea carnea Stephens, which can 

be induced by short photoperiods, hac also been shown to be affected by 

changing daylength (Tauber and Tauber, 1970). Diapause was induced by 

progressively shortening photoporiodo even when these were longer than the 

critical photoperiod. Furthermore, photoperiods which were progressively 

lengthening, but were still shorter than the critical photoperiod, prevented 

the induction of diapause, and terminated diapauce that had previously boon 

induced. 

Light intensity does not influence photoperiodic reaction in arthropodc, 
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provided that a certain threshold is exceeded. Minimum 'intensities of 0.025 

to 10 lux have been reported for various cpecios (de Wilde, 1962), but 

information is lacking on the effect of temperature on threshold levels. 

All species tested have a higher sensitivity to light towards the blue end of 

the spectrum. In P. brassicae induction or inhibition of diapauce is 

controlled by wavelengths between 420 and 520 ritz (Claret, 1972a). 

Physiologically, hormonal control is only the last step in a series of 

processes leading up to diapause (Andrewartha and Birch, 1954). The organs 

and hormone-producing systems involved depend on the stage at which the insect 

is sensitive to stimuli, and the stage during which the arrest occurs, but the 

cerebral ganglion, the brain of the insect, always plays a major Ale. It 

has been shown to be the site of photoreception in P. brassicae, and in the 

silkworm Antheraea pernyi (euer) (Claret, 1966; Norris, t 1., 1969). In 

the Silkmoth IIombyx mori(, diapause occurs in the eggs laid when a secretion 

of certain cells in the suboesophageal ganglion of the female is rcleasod 

(Yamashita and Hasegawa, 1966). In females destined to lay eggs that develop 

without diapause, the brain, acting through the oesophageal connectives, 

completely inhibito the release of the neurocecretory material into the blood. 

Diapause occurring in the larval or pupal st ew is characterised by a lack of 

the growth inducing hormones, notably the moulting hornone, ecdysone, produced 

by the prothoracic glands, or by a high titre of juvenile hormone 

(Chippendale and Yin, 1973). In diapausing pupae of the Giant silkworm 

. yalophora cecropin (L), the prothoracic glands are inactive duo to failure of 

the neurosocretory cells of the brain to produce an activating hormone (Williams 

19116). Chilling the brain promoten release of the activating factor, and normal 

development is resumed. Histological studies of the larval diapauno induced 

in Plodin interpunctella by rearing below 20°Cq revealed that neurocecretory 
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cells located in the pars intercerebralic of the brain, which were actively 

secreting in non-diapau, ing larvae, were not functioning in diapaucing larvae 

(Waku, 1960). Examination of the pro thoracic gland cells revealed no activity 

until the cello of the pars intercerebralic resumed their secretory function 

at the end of diapause. It was also observed that during diapauso the corpora 

allata showed enhanced activity. In many insects, certain hormones of the 

corpora allata stimulate metabolism and gonad maturation. These hormones 

are, however, absent in Lepidoptera. Uaku (1960) suggested that the activity 

in P. interpunctella could indicate the production of juvenile hormone, which 

in high concentration would prolong the larval stage. Strümpel (1964) in 

ex^. ining the histology of endocrine organs in diapaucing larvae of Enhestia 

elutellaa, found no comparable enhancement of corpora allata activity, but again i 

found that the brain-prothoracic gland system was inactive. 

Where diapauce occurs in the adult stage, ovarian developnent is retarded by 

failure of the brain to activate the corpora allata. 

Of the species regarded as pests of stored food products, about two dozen are 

thought to possess a diapauso, including at least 8 species of Lepidoptora, all 

of which enter diapause as larvae. Diapause has been induced by lowering the 

rearing temperature in P. interpunctella (Tsuji, 1958; Tzanakakis 1959; WaItut 

1960), the Carob moth Ephectia calidella Gucn6o (Franquiera, 1955), 

E. figuliler lla (Donahoe et al., 1949; Sardesai, 1968), E. olutolla (Waloff, 

19'8) and the Stored nut moth Parolipca laris (Zeller) (Smith, 1965). 

Temperature is also a controlling factor in the diapauae of the Broom house 

moth lloý nophila pseudospretella (Stainton), as diapauae can be avoided by 

rearing at temperatures gradually increasing from about 8°C (1W1oodroffe, 1951). 

Diapause in Sitotroga cerealelln, and in the European grain moth 1fomanogon 

r4nella (L), is most likely temperature dependent (Iiowe, 1962a). 
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Photoperiod has been found to induce dinpause in P. interpunct e11n 

(Danilevskii, 1956; 1961; Tsuji, 1963; Sardc i, 1968), E. g1ute11a 
it (Strumpel, 1964), E. fiGulilella and E. calide]. la (Co::, 1973). nutrition 

has been shown to be important for diapause in P. internwictella (Williams, 

1964; Tsuji, 1966), E. elutella (Waloff, 191i8), and E. cslidella'(Cox, 

1973)" Little work has been done on the diapause of stors., go moths in 

relation to nutrition and deylength, however, and these factors may prove of 

importance in other species. Population density is another little 

investigated factor in relation to diapause. It is of importance in 

P. internunctella (Tsuji, 1959), and probably in Paralipsa gularis whore 

disturbance of cocoons causes delay in development (Joseph and Oamen, 1960). 

No diapause has yet been demonstrated in Ephestia kuahniella, E. cautella, 

the Rice moth Corcyra cephlonica Stainton, the Meal noth Pyralia farinalis 

(L) or the White-shouldered house moth Endrosis sarcitr ella W. 

, hestia elutella was the first post of stored products in which a diapause 

was noted (Richards and Waloff, 1946). Observations were made on a London 

warehouse population of this species feeding on Manitoba wheat. Each'year, 

emergence of adults commenced during May and reached a peak in into June or 

early July. Very few moths were evident by the end of August when fully 

grown larvae were observed wandering from the grain. By mid"Scptcmbar, the 

nuiber of wandering larvae reached a peak, and about this time a small second 

period of adult emergence commenced. Most larvae, after wandering for about 

2 days, spun cocoons in the fabric of the building, particularly in crevices 

in the ceiling, and few were active after the end of October. Winter was 

passed in the larval stage and development proceeded in the spring when 

permitted by temperature. Further observations (1iialoff and Richards, 1946) 

showed that early larval instars were spent actually within grain embryos, 

but, after the second instar, the larva left the Grain and carried on feeding 
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fron the outside. About 48 Crain embryos were conau, cd to coMplete 

development. Most larvae were found in the top 30 cm of grain, with the 

highest number in the top 5 or 10 cm. 

Diapause can be induced in E. elutella by rearing on foods containing a high 

proportion of starch, such as white flour or soft wheat. On these foods 

the diapause"initiating factor may be lack of Glucose, linoloic acid or 

vitamins of the B complex rather than starch itself (tlaloff, 1948). 

IN; ormally, diapause is induced by lowered temperature or shortening daylength 

in the autumn. Waloff (1948; 1949) described a stock isolated by Basden 

which entered diapause at 21 or 17°C, but not at 25°C. 

11 
Stru--ipel (1961+) found that the percentage of insects entering diapauce at 

250C changed from 0 to 100% as daylength was reduced from 15 to 13 hours. 

The sensitive stage was found to be the first few days of the last larval 

instar. At this time larvae would presumably still be feeding under the 

surface of the food bulk where change in light donriiiy in shall. Of larvae 

exposed to continual darkness at 20°C, all entered diapau3e, while 96,4% entered 

diapause in darkness at 25°C. Only by increasing the tcrlperaturo to 30°C was 

the occurrence of diapauso reduced to a low level. Thus it is likely that 
in many situations a proportion of ovary generation of E. elutella developing 

in food bulks will enter dinpause, regardless of the season. If photoperiodio 

stimuli are important in development, the sensitivity of E. elutella to light 

lust be high. 

Diapausing larvae are heavier than fully grown non-diapuusing larvae, and have 

less free water. They *show high cold tolerance and are, able to survive 110 

days at -2°C (Waloff, 1949). The duration of diapctuse in English unheated 

stores is about 8 months, although the laLter part of thicS period may sI r"Ply 

be quieccenco because post-diapause development is prevented only by low 
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temperutu ros. Waloff (1949) found that the range of time: required for 

pupation was reduced from 20-21i0 days in samples moved from a warehouse to the 

laboratory at 25°C in November, to 10-60 days for January samples and 10-40 

days for February samples. The most rapid change, occurred between early and 

mid December when times before pupation in samples moved to 250C changed from 

10-180 days to 20-70 days. In laboratory experiments, a 2-week exposure to 

-2°C slightly advanced pupation at 25°C when administered to samples removed 

from the warehouse before mid December, and delayed pupation in samples moved 

after mid December, indicating come stimulation of diapause development, and 

interference with early post-diapause development. 

In samples held at*constunt temperatures, diupouce may lost a year or more 

(Waloff, 1948). Pupation occurred after a reduction in larval weicht of 

11 
about 35%. Strumpel (1964) observed weight losses of 40-60; 5 before pupation 

and suggested weight loss as the diapause terminating agent in darkness or 

short daylength. He found light important in the termination as well an in 

the induction of diapause, and a 16-hour daylength stimulated pupation within 

three months, especially when larvae had previously been held in diapause for 

about a month. Neither weight-loss nor daylength, however, can explain the 

change in the times required for pupation in samples moved from the warehouse 

to 25°C in early December, and those moved in mid December. 

Plodia internunctella prefers high temperatures for developriont, and in this 

country is near the northern limit of its range. It wan first recognised to 

enter diapau; e as a fully grown larva by Zacher (1950). However, larvae have 

long been recognised to overwintor in this country. Potter (1935) described 

a population hibernating in a London warehouse in association with E. elutclln. 

The duration of diapause at fixed temperaturea is less than in E. elutell-", 

seldom, approaching 300 days at 20°C (Tzanakakis, 1959; Tsuji, 1963; Williams, 

1964). Photoperiod was first related to diapause in this species in 1956 
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(Danilevskii, 1961). Tsuji (1958) found that the onset of diapause could be 

controlled by temperature. Larvae reared at 301C and dropped to 200C during 

the egg stage, or any of the firnt three larvntl instars, entered dinpv. u., e. 

Few or no larvae entered diapause when temperature was lowered during the 14th 

or 5th larval inetars. When over 100 larvae were reared on 30 g of rice 

bran at 30°C, some entered diapause, indicating that high population density 

was another factor inducing diapause (Tsuji, 1959). By continued selection, 

Tsuji (1960) isolated stocks that would either develop without diapauce at 

20°C, or give high proportions of diapaucing insects in response to high 

population density at 30°C. 

Tzanakakis (1959) confirmed the presence of a temperature dependent diapause 

in P. interpunctella. Ile found that n temperature drop in early development 

from 250C or above, to 200C or below, induced diapause, and that more insects 

entered diapauze in the absence of light. Temperature drops from 300C to 

250C did not produce diapauso. Two strains were tested, one with a markedly 

greater tendency to enter diapause. The duration was not shortened by 

exposures of up to 1 hour at -18°C. Similarly, no effect wan observed after 

exposing to -50C for several days, or to 10°C for 14 weeks. Diapause birg 

war. however hastened by short exposures to 50°C, by repeated destruction of Ihe 

cocoon, or by wounding of larvae with a red-hot needle. 

Tsuji (1963), continuing hic studies on P. interpunctella, found that no 

diapause occurred at 200C in a 16-hour photoporiod, while all insects entered 

diapause in darkness or under 8-hour photoperiods. The principal light 

sensitive phase occurred in the 3rd and 4th larval instars. The previously 

established 'density-dependent' diapaune was found to be stimulated by young 

larvae being crowded together, rather than by food shortac6 or faecal 

contamination. Less density-dependent diapause gras induced in a 16-hour 

daylength at 30°C than in darkness. All diapausing larvae were 
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characterised by being heavior, and by having Hore fat'cznd locc free rater 

than fully grown non-diapaucin larvae. In contrast with the work of 

Tzanakakis (1959) at 25°C, diapause termination at 20°C was enhanced by 

chiltirZ; at 8 -10°C for 30 or 60 days. Nutrition was demonstrated to play 

a röle in terminating diapause. Placing diapausing larvae on filter papers 

impregnated with rice bran extracts stimulated pupation. Later work 

(Tsuji, 1966) showed that the neutral fraction of the n-hexane extract was 

the most potent in this respect. Williams (1964) showed that nutrition also 

played a part in the induction of diapause in P. internunctella. A 

sizeable proportion of larvae reared on maize entered diapause, while larvae 

reared in parallel experiments on sultanas did not. 

Sardesai (1968) confirmed that diapause in P. interpunctella was encouraged 

by lowered temperature, high population dennity, darkness, or short 

photoperiod. The mean value for the duration of diapauco at 20°C was 22 

weeks, and diapause termination was preceded by an increase in respiration. 

Diapausing larvae were found to be slightly rrore tolerant to methyl bromide 

than non-diapausinn larvae, but, surprisingly, no difference in tolerance 

was observed with hydrogen cyanide. 

There are many similarities in the initiation and maintenance of diapauao 

in E. elutella and P. intoi uncti ella, although the emphasis of various 

factors may be different. Both species have a diapause that is presumably 

suited to the 
. storage environment, but which is still comparable with the 

diapause of species which live in natural habitats. 
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PIETITODS 

1. HISTORY OF STOCKS 

A. Laboratory Stocks of Enhestia rpp. and Plodin interpunctelin 

The four laboratory stocks have been bred at Slough for many yearn at 25°C. 

Until late 1968, E. elutella was reared in darkness, while the other cpecinc 

were reared in continual light. From 1968, all wore reared under a 16-hour 

dayleneth at 25°C. 

B. Field Stocks 

The four field stocks were maintained at the laboratory in an outbuilding 

where they experienced daily and seasonal changes in humidity, temperature 

and photoperiod. Ephestia elutella was collected from the Central Granary 

at Hinwall, London, in July 1969, and Ephestia kuehniella from a mill near 

Southampton in May 1970. Plodia interpunctella obtained from an infested 

parcel of dandelion roots which arrived via England and Belgiumjwis received 

in January 1971 from the Department of Agriculture for Scotland. At the 

laboratory, the stock was bred at 25°C for three generations before transfer 

to the outbuilding. Four adults of Elhostia 3 males and one female, 

were obtained from a chocolate factory at Slough in May 1971, and were moved 

to the outbuilding after two generations at 25 C. 

C. Pieris bressicae and Bornbyx mori 

Eggs of P. brassicae were supplied by the Insect Virus Group, Glasshouse Crops 

Research Institute based at Cambridge. 

Eggs and cocoons containing pupae of the univoltine race of B r_ on were supn'tied 

by the Insect Pathology Research Institute, Department of Fisheries andFbme3try, 

Canada. 
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2. INSECT REARING 

A. Preparation of Food 

The principal food used for rearing both laboratory and field ctockn of l'yralid 

species was whentfeed, which consists of fine bran with a little endosperm. Ar, 

a precaution against spores of pathogenic protozoa and of l3nccillus thuririFJ :. is, 

a disease organism of many moth species, wheatfeed was sterilised in covered 

stainless steel trays for at least 2 hours at over 105 0C. 

To replace vitamins and sterols that may have been destroyed by the heat, dried, 

I debittered brewer's yeast was added to the oven-treated wheatfeed. Glycerol was 

included as an additional nutrient and also as a humidity stabilizer and mould 

depressant. The rearing food comprised 10 parts by weight (p. b. w. ) wheatfeed, 

I p. b. w. dried yeast, and 2 p. b. w. glycerol, thoroughly mixed. 

B. Culturing, of P, yrolid Laboratory Stocks 

Cultures were set up fortnightly by transferring 50-100 adults anaesthetised 

with carbon dioxide to 325 g wheatfeed mix in a 3-1 culture jar (fig. 1). A 

drinking fountain was provided in each culture because adults with access to 

water were more consistent in producing viable eggs. A disc of glasspaper 

filter material with a pore size fine enough to exclude bacterial spores, was 

secured to the rim of each culture jar kßth molten wax. To prevent the escape 

of larvae chewing through the spore-proof cover, a piece of cotton cambric was 

attached across the neck of'each culture jar with an elastic band. Cultures 

were kept on stands on oil filled trays in a room maintained at 25 ± 0.2°C and 

70 ± 3% RH, and provided with a 16-hour daylength by a "warm white" or "daylicht" 

10-Watt fluorescent tube. All glassware used for culturing was terilized in a 

50 solution of a sodium hypochlorite preparation (Chloros) to which potassium 

permanganate was added as an indicator. 
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C. Culturing of Pyrý1ic? Field Stocks 

Field stocks were reared in glass tanks measuring 28 by 22 cm, and standing 

41 cm high (fig. 2). Each culture contained 390 g of wheatfeed mix spread 

into a layer 2 or 3 cm deep. Before use in experiments, the first cultures 

of each stock were checked for the presence of disease by allowing a dense 

second generation to develop. 

New cultures were set up with 50-100 adults, which were cucked from the parent 

tank into a glass tube. Tanks were covered by cotton cambric secured with 

adhesive tape. No drinking water was provided. Tanks were kept in a windowed 

outbuilding in which variations of temperature and humidity were not controlled. 

During winter, some heating was provided for cultures of E. cautella by placing 

a hot plate on the floor under the rack containing cultures. To supply insects 

for tests, extra cultures were set up in 3-1 jars at 25°C, an described for 

laboratory stocks. Not more than two generations were allowed to pass at 25°C 

before starting a new line from tank cultures. 

D. Pieris brassicae 

P. brassicae was reared from the egg stage on cut Brussels sprout plants in 

tanks similar to those used for the field stocks of Pyralid moths. No more 

than 100 larvae were reared in each tank. Food was added as required, and 

faecal pellets and stale leaves were removed from cultures to minimise risk 

of disease. 
_ 

pupae 
Following the data of David and Gardiner (1962), diapaucinglwere obtained from 

larvae reared under an 8 -hour daylength at 20°C, and non-diapauaing pupae from 

larvae under a 16-hour claylength at 25 °C. After the emergence of adults (fig-3) 

fresh leaves were added to encourage egg laying. 
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Fig. 1. Pyralid moth laboratory stock culture: 3-1 

jar chowing drinking fountain, emerging 

moths, and in the upper layer of food, 

larval feeding tubes and si: ': en cocoons. 
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Fig. 2. Glass tank used for rearing field 

stocks of Pyralid moths, showing shallow 

food layer and some newly-emerged moths 

clinging to silk laid down by wandering 

larvae on interior surfaces. 
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Fic. 3. Tank containing pupae, pupal skins, 

and adults of Pieris brassicae 
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B. Bombyx mori 

To obtain young diapausing or non-diapausing ep*gcs, groups of 6 cocooiir were 

confined at 25°C, 70; 6 RH, on waxed filter paper under an inverted plastic 

funnel 15 cm in diameter. After emergence, cocoons were removed and adults 

were sexed. The sex ratio was adjusted so that, as far as wý, n possible, 

three males and three females were present under each funnel. Filter papers 

were replaced daily after laying commenced. To avoid diapause, eggs lens 

than 24 hours old were suspended in 6 11 hydrochloric acid for 5-6 minutes at 

30°C, washed in water, dried on filter papers, and then returned to 25°C (Idayar 

and Fraenkel, 1963). The method proved 100% successful in preventing diapausc, 

and caused little mortality. 

3. BIOLOGICAL EXPESENTS 

A. Temperature and Development 

i) Isolating, o gs 

Most experiments were started with eggs which were isolated in the following 

manner. A piece of damp cotton wool was taped inside a 10 cm crystallizing 

dish. After anaesthetising with C02,40- 60 moth3 were placed in a hemispherical. 

nylon sieve 11.5 cm in diameter. The 10 cm dish with drinking pad attached, was 

placed over the sieve to confine the insects. The unit was then placed over 

another crystallizing dish 12.5 cm in diameter containing a black filter paper 

(fig. 4) so that eggs laid were clearly visible. 

ii) Developmental limits 

14. c 
For experiments on developmental limits, Ig of wheatfeed mixlcompressed into 

a layer about 7 mrm thick in 5x2.5 cm glass tubes. These were laid sideways 

against a dark background on a tray (fig. 5). An egg newly-laid at 25°C was 
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placed in each tube using a fine brush about 2 cm from the fcod. The tube! 

were checked daily for hatch, and, after an interval, for adult emercer, ce. 

Some adults from each rearing condition were paired to check fertility, which 

was accessed on the basic of adults dcrclo; ing from eggs laid. 

For experiments at low humidity, trays containing tubes were placed in glacc 

tanks containing a dich of saturated potassium acetate solution (fig. 6), 

which was expected to give 21 - 22% RH (Winston and Bates, 1960). Tanks were 

sealed by a thick piece of polythene sheeting secured with Canada balsam. A 

small dish of 10/5 potassium hydroxide solution was included to absorb carbon 

dioxide. The atmosphere in each tank was changed three times a week with air 

dried by passing through a column of calcium chloride. Cobalt thiocyanato 

(Co (CNS)2) papers were used to read humidity inside tanks, with the aid of a 

Lovibond comparator. 

iii) Invecti±ations on pupae 

The length of the pupal stage at various temperatures was found by adding fully 

grown larvae in pairs to 1g food in 2.5 x 7.5 cm glass tubes, and checking 

daily for pupation and then adult emergence. Some batches of pupae were exposed 

to temperatures below the developmental range. After return to 250C, some 

deformed adults were seen. These were boiled for 10 minutes in 10P5 potassium 

hydroxide solution, cleared in glacial acetic acid, washed, and mounted in 

glycerol. They were then examined under the microscope for deformities of the 

mouthpartc or genitalia, using a few control specimens and the keys of Richards 

and Thomson (1932) for guidance. 

iv) Heat production 

Temperature variations in stock cultures were raz'acured with thermometers 

graduated in divisions of 0.10C. One was pushed down one side to the bottom 
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Fig. 4. Apparatus set up to isolate eggs of 

Pyralid moths. 
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Fig. 5. Arrangement of tubes against a dark 

background for individual roaring of 

moths from the egg stage in development 

time studies. 
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Fig. 6. Tank sealed with polythene used for 

experiments at low humidity. Dish 

containing 
. 
saturated potassium acetate 

solution mounted on tray, with cobalt 

thiocyanate paper below in bottom 

right hand corner of tank. 

I 
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of the culture, while the others were pushed into the food until the bu, bc 

were just covered, one at the centre, and one at the outside edge of the food 

surface. Temperatures were read at least three times a week. Humidity at the 

food surface was cctinated from a piece of cobalt thiocyFntate paper in a sm, -All 

gauze tray near the n? ddle of the culture. A control paper was placed just 

outside the culture. 

B. Larval Interaction 

Development times and percentage survivals were recorded of various numbers 

of insects developing in cultures of different cross sectional area, and of 

different volume. When small numbers of insecto (up to about 40) were required, 

eggs layed through sieves into dishes were left to hatch and first instar 

larvae were carefully transferred with a fine paint brush to the prepared food 

bulk. iortality of larvae handled in this way was very low. When larger 

numbers of insects were required (up to'400), batches of eggs were counted in 

marked watch glasses which were placed in the tect cultures. Hatch wos 

assessed by removing the watch glass after one week and counting the dead eggs 

remaining. 

When still larger numbers of insects were required, such as for experiments on 

density and temperatures rise, 1000 eggs of each species were counted out and 

weighed. Results were as follows: E. elutella, 36 mg; E. cnutel.: la, 27 mg; 

E. kuehniella, 24 mg; P. internunctelln, 18 mg. The required numbers of eggs 

were then estimated by weight, and control batches of 100 were set up in watch 

glasses to estimate the percentage hatch. 
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C. Dianaune 

i) Li rrtinc- systems 

Light in constant temperature rooms was provided by 1i0-'. 1 warm white or 

daylight fluorescent tubes mounted over benches and regulated by time c', itchec. 

Also in the rooms were two cabinets. Each cabinet (fig. 7) ceaeured 1.009 x 

0.51 ti, and stood 0.61 m high. Each was partly divided into 2 compartments by 

a transparent perspex sheet. The lower compartment contained the experimental 

material, while the upper compartment was reserved for a warm white 13-11 

fluorescent tube mounted on the ceiling and, at one end, a. Philips HR 3404 

extractor fan to draw air out of the cabinet. A 7.5 cm gap in the partition 

at the opposite end of the cabinet to the fan, and 2 rows of air holes mounted 

below the fan in the lower compartment, ensured that air vwan first drawn across 

the insect material, and then across the lighting unit on its journey through 

the cabinet. Readings of temperature were taken at frequent intervals during 

the experimental period. Light intensities in the cabinet as measured with a 

Gossen Lunasix light meter were 800 - 1000 lux. 

In one cabinet, daylength was controlled by a Venner solar time clock which 

gave progressively lengthening or shortening daylengths according to the date 

setting, while the other was fitted with a standard clock co that any constant 

photoperiod could be selected. In both, the extractor fan was automatically 

switched on with the light to remove heat from this source. The cabinets were 

covered with black polythene sheeting to minimise light diffusing in or out. 

As test insects were to be reared on the wheatfeed mix, the ability of light to 

penetrate this medium was examined by standing crystallising dishes contuininC 

wh9atfeed layers of known depth on a light ourc3 adjusted to an intensity of 

1000 lux. A7 mm layer of wheatfeod was found necessary for complete extinction 

of the light source measured on a Goo: en Lunasix 3 light peter. 
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ii) Handling of insects 

For experiments on diapauoe, a layer of food 1eom than 1if mm deep to allow 

penetration of light was set up in 7.5 x 2.5 cm glass tuboc (c. 14 - 11 food). 

Sieves were set up as described for experiments on development, and the eggs 

laid were allowed to hatch. As it was desired to expose as many insects as 

possible in a given space without incurring a second generation before the end 

of the experiment, 2 first instar larvae were added to each of the prepared 

tubes. Higher numbers of insects were added for an experiment on diapauce at 

high population density. Each tube was covered with a numbered muslin square 

by a piece of polythene tubing, and exposure to the experimental conditions 

was started. Upon entering diapause, larvae commonly moved up the tube to in 

hibernacula (fig. 8). 

iii) Experiments with light intensity 

t 

At the surface of glass tubes stood in various positions on benches or in 

cabinets, the intensity reading on a Gossen Lunasix 3 light meter varied between 

200 and 1000 lux. For a light intensity of no more than 1 lux, tubes %.: ere placed 

in open cardboard boxes (fig. 9) and covered with a thin sheet of black Polythene. 

iv) Assessing the duration of dinpause 

Diapause in larvae of E. elutella and P. internunctella begins at the cessation 

of feeding, but because of the difficulty in assessing this date, the start of 

diapause in each batch was taken as the first day adults developing from non- 

diapausing larvae were seen at the experimental temperature, and, if possible, 
11 

at the experimental daylength. This date represented a fair average for the 

cessation of feeding in each sample, although, of course, come individuals would 

have stopped feeding well before this time while others would continue for some 

time afterwards. In the case of the field stock of E. elutella at 15°C, when 
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no individuals developed without diapause, the starting dat'c for diapausp was 

taken na the first day an adult of the laboratory stock was seen. In all 

batches, the termination of diapause was taken as the day of pupation, although 

in fact, diapause rust end before the start of the prcpupc. l phase. 

In assessing the mean and standard deviation for the duration of diapauee- 

in each batch, it was assumed that the distribution of pupation times wan 

normal. Usually, however, a positive skew was apparent, and if the mini- 

mum period for 8Olä of the batch to pupate was less than the range of the B. D. 

about the mean, which should include about 68% of the population in a normal 

distribution, then mean and S. D. were recalculated omitting stragglers 

requiring over twice the first calculated, mean time for pupation. 

4. FUIIIGATION EXPERIMENTS 

A. Fumigation Chambers 

Early in the programme, a few tests were carried out in a 140M. -1 brick-built 

chamber. Subsequently, fumigations were conducted in 1700-1 chambers fitted 

with a door at the front, and additional access points of various size (fig. 10). 

Each chamber was situated in a room maintained at constant temperature and 

humidity, and was provided with a light, a circulatory fan, a mercury-in-steel 

thermometer, and a vacuum pump by means of which fumigant could be expelled 

through piping opening outside the building. Inside the chamber, experimental 

material was accommodated on sheets of plate glass. Bulky material could be 

loaded into the chamber before dosing through the main door, or alternatively 

could be loaded after dosing through an arrangement of polythene sleeves fitted. 

to a 15 cm port hole in the side of the chamber (fig. 11) which was opened by 

removing a steel plate. 

a 
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Fig. 7. Cabinets fitted with lighting and an air 

circulatory system for use in experiments 

on photoperiod: - 

Upper: Diagram of cabinet showing* 

layout and direction of air 

movement. 

Lower: View of loaded cabinet with front 

hatch raised, showing insect material, 

air holes, fan and light. 

4 
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Fig. 8. Diapausing larvae and hibernacula of 

(upper) Eph estia elutella and (lower) Plodia 

interpunctella in 7.5 x 2.5 cm Class tubes 

with muslin stoppers. One of the P. 'interrunctella 

larvae has not yet spun a hibernaculur. 
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0 

Fig. 9. Cardboard box used to contain tubes set 

up with young larvae in experiments on 

diapause induction. 
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Fig. 10.1700-1 stainless steel chamber used in 

fumigation tests showing (upper) the chamber 

fully loaded with cultures containing all 

stages of various stored product species, and (lower) 

the same chamber fitted with the polythene sleeves 

and bags used to minimise gas escapes during 

removal of bulky test material. 
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Fig. 11. Loading a box containing diapausing larvae in 

'glass tubes into the chamber through the 15 cm 

diameter port via a polythene sleeve. 
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$. Do'ir.,; and Sar. »1ing of Funip;,, )nts 

Pure liquid methyl bromide (CH3 Br) supplied in cylinders by I-lay und Baler Ltd 

was weighed out for the concentration required. Phocphine (PH3) was generated 

from Phostoxin, a proprietary formulation containing aluminium phosphide and 

ai onium carbamate. In the presence of moisture, the formulation decomposes 

to yield phosphine, carbon dioxide and ammonia. Tablets, which released about 

Ig of phosphine, or pellets, which released about 0.2 g, were counted out 

according to the dose required, and, after weighing, were placed on*trays in 

the chamber together with a dish containing about I ml of water for each pellet 

added. The amount of sorption in tests with phosphine is rauch less than in 

tests with methyl bromide, and so it was possible to include a sack of grain 

in the chamber as an atmospheric buffer. The exposure of insect material was 

commonly started with the exposure of the formulation, but in test; on stable 

concentrations, 2 days were allowed at 25°C, or longer at lower temperatures, 

for the complete decomposition of the formulation. With both fumigants, the gas 

concentration in the chamber could be lowered by partial evacuation. 

Within half an hour of loading test ineects into the chamber, gas samples were 

taken in triplicate to estimate fumigant concentration. Further samples were 

taken before the removal of insects for each exposure, except in tests lasting 

8 hours or less, when sampling was confined to the beginning and end of the 

test. Daring sampling, methyl bromide was absorbed into cyclohexyla. mine in 

evacuated glass flasks, and was estimated chemically by the method of Lewis 

(19'5). Occasionally, concentrations of methA bromide were measured using a 

calibrated thermal conductivity meter (IHeseltino, 1961). Phosphine was sampled 

by absorption into acid potatsiura permanganate solution in an evacuated glass 

flask, and was estimated calorimetrically by the method of Bruce. (1962). 
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C. Pmnaration and Exposure of Insects 

i) All stages together 

A7 cm layer of wheatfeed mix (130ü) was placed in a glass jar of 7.5 cm 

diameter (a 2 lb jam jar). Each species was represented in the tests by 

2 series of cultures, one with the older, and the other the younger develop- 

rental stages. Eggs laid over 3 or 5 days were counted into watch glasses, 

and were added at weekly intervals firstly to the culture destined to provide 

the older stages, and then to the younger culture. Immadiately before the 

addition of each batch of eggs, the watch glass from the previous week was 

removed to assess the number of larvae which had hatched and entered the 

culture. To avoid temperature increases within the culture and severe competi- 

tion for food, cultures were limited to about 200 insects. A day or so before 

the start of the test, older cultures were checked to ensure that adults were 

present, and if numbers were low, up to 50 extra adults were added. Rearing 

for tests on all stages was conducted at 250 C, 7Y/S' RH. For tests at 150C, a 
1,, -as al1omd 

three-day acclimatisation period at the test temperatureLfor all insects other 

than the last batch of eggs, which were counted out 2-3 hours before fumiga-. 

tion. After exposure, cultures were returned to 25 °C for incubation after an 

airing-off period of at least 2 days. 

ii) fm s 

For all tests, eggs were collected daily from sieves, counted into stall foil 

trays, and stood at 25°C, 70`/ RH, in 7.5 x 2.5 cm glass tubes containing about 

2g of food. Tubes viere grouped in fours with elastic bands, or were packed 

upright in beakers, to facilitate transfer in and out of the fumigation chamber. 

A period of at least one hour acclimatisation was allowed for all age groups at 

the test temperature before exposure to gas. After fumigation, eggs were aired 

for at least 2k hours before returning to 2">°C. A hatch count was performed 
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after a week at 250 C, and, in the event of, more than 4 eggc"hotching, the 

contents of tubes were tipped into jars containing extra food. 

iii) Non-diarnusin larvae and pupae 

For tests on non-diapausing larvae, feeding last instar larvae were removed 

from a 3-1 stock culture of suitable age three days before fumigation, and were 

added in pairs to 7.5 x 2.5 cm tubes containing about Ig of food. Before fumi- 

gation batches were checked for pupation and were acclimatised for at least 4 

hours at the test temperature. 

For tests on pupae, a similar procedure was adopted, but two age groups were 

fumigated. The older pupae were placed on wheatfeed in tubes or jars three 

days before fumigation. Care was taken to remove all pupae from the stock 

culture. On the day of the test, the culture was again searched to obtain 

young pupae. All samples were acclimatised for at least three hours at the 

test temperature. 

Pupae for tests with Methyl broriide at 15 and 20°C, were obtained by allowing 

larvae set up in glass tubes to pupate before fumigation. Larvae in tests 

with phosphine at 20°C were reared from the first instar in glass tubes under 

a 16-hour daylongth at 250 C. 

Batches of tubes for fumigation were packed into cardboard boxes for transfer 

in and out of the chamber. An airing-off period of at least 2 days was allowed 

after the withdrawal of fumigated samples from the chamber before returning to 

tho rearing room at 25°C. 

iv) Dirn, nucinp larvae 

For 'toxicity teats, diapauoing larvae of E. elutelln and P" in ;: erpunctella 
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were reared under an 8-hour daylength at 20°C. A few batches were reared under 

different conditions for comparative purposes. Larvae were cat up in Class 

tubes as described for experiments in diapauce. Before loading into the chamber,. 

tubes were packed in cardboard boxes. Samples were acclimatised for at least 

3 days at test temperatures below 20°C, while for tectc above 20°C, 1 day only 

was allowed to avoid the possibility of terminating diapauso. After fumigation, 

samples were aired for at least 2 days before moving to a 16-hour daylength at 

25°C for the termination of diapauce. In certain experiments the effects of 

othel- post-fumigation conditions on susceptibility were investigated. 

v) Pupae of Pieris brassicae 

Pupae required for tests were removed from tanks used for rearing by severing 

the silk threads supporting the thorax, and loosening the grip of the pupal 

claspers at the posterior and of the abdomen. For fumigation, 40 pupae were 

placed on a thin layer of wheatfeed mix in a glass jar 7.5 cm in diameter 

(fig. 12). Samples were allowed at least 24 hours acclimatisation at the toot 

temperature, and, after fumigation, were left to air for at least 2 days. 

Diapausing pupae were then chilled for 11 or 16 weeks at 7.5 - 10°C before 

returning to a 16-hour daylength at 250C. 

vi) cgs of Bombyx mori 

Waxed papers bearing eggs were cut into short strips which were placed in 7.5 x 

2.5 cm glass tubes for fumigation. 200 - 500 eggs were set up per exposure. 

At least 24 hours scclimati, ation Uras allowed at the'te: t temperature, find, 

following fumigation, camplen were left to air for at least 48 hours:. Diapau. -ing 

eggs fumigated at 100C were allowed a total of 25 weeks at this temperature 

before returning to 25°C, while those fumigated at other tertperal: ure;, wero 

chilled for 16 weeks at 7.5°C. Eggs treated for the avoidance of dinpauce, 

or the breaking of diapauce, were returned to 25°C it'. ediately after airin3. 
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0 

Fig. 12. Pupae of Pieris brassicae set up for 

fumigation experiments on wheatfeed in 

jars 7.5 cm in diameter: - 

Upper: Emergence of a butterfly in a control jar. 

Lower: 5 fumigated jars showing dead pupae 

which have darkened in colour, and 

adults which have emerged and died. 

4 
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D. Evaluation of reFults 

Mortality of all stages other than eggs of B. mori was accessed on the basis 

of adult emergence. Adults failing-to completely free themselves from the 

pupal case were judged not to have emerged. Survival was not accredited to 

adults surviving less than a day, or showing marked deformity. In cultures 

containing many insects, adults emerging were removed daily to prevent the 

rapid build-up of a second generation. 

Genitalia and mouthparts of deformed adults were investigated as described in 

experiments on cold tolerance, farefarmi, tisa-af-ge talin 

Additional testa were performed on the fertility and weight of adult survivors. 

Adults were weighed individually within I day of emerging. In tests on pupae, 

the weight loss at emergence was assessed in control batches and in batches 

which had been fumigated. 

The mortality of eggs of B. mori was assessed on the basis of hatch alone. 

In all tests, percentage mortalities were corrected for control mortality by the 

method of Abbott (1925). For eggs, the control hatch was used to estimate the 

number of live eggs treated, and results were corrected for the control mortality 

between hatching and adult emergence. In tests with methyl bromide, percentage 

mortalities for eggs and other susceptible stages were transformed to probity 

(Bliss, 1934a; 1934b; 1935), and LD 50 and 99.9 values were read from eye-fitted 

lines. The probit transformation was not employed in tests with phosphine on 

egge, because large changes in susceptibility occurred rapidly during develop- 

crent, and mortality was controlled chiefly by the length of the exposure. 

Results for dinpaualag larvae with either pho phine or methyl bromide were sub- 

jected to a mathematical probit annlycin for calculation of LD 50,90, and 99 

values, together with fiducial limits (Finney, 1971). 
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10L0GICALRESULTS 

1. l IPERATURE AND DEVELOPMENT 

A. Develo1Dmental Ti. r; es and Limits of Four Storr e Moths 

i) Span of complete life cycle on ýrheý`feej mix 

Laboratory and field stocks were set up with newly-laid eggc in 3-1 jar cultures 

incubated at 70`ö PE at a range of temperatures. A 16-hour daylength we pro. 

vided by a 40-, 1 fluorescent tube controlled by a time switch. The first emer- 

gence of adults in each culture was noted, and the time of peak emergence was 

estimated from daily observations (table 3). At 20-30°C9 P. interounctella and 

E. cautella completed development faster than E. kuehniella and E. clutella. 

At 25 and 30°C the developmental period was shortest for P. interpunctelln, 

followed in order by E. cautella, E. kuchniella, and E. elutella. In all species 

variation between developmental periods for laboratory and field stocks was small 

at higher temperatures. Diapause, which greatly extended development time, 

occurred in all larvae of the field stock of E. elutelle at 15°C, and in most at 
°C. Results at 20°C for the field stock, and 15° 20 C for the laboratory stock, 

were compiled from those insects developing without diapauce. P. int. ernunctella 

and E. cnutella did not complete development at 15°C. 

ii) man of egp, and pupal stnaes 

All inve&tigations were carried out at 7O RH and under long daylength. At each 

temperature, differences between stocks of the same rvpecies wero small, but were 

often significant. (tables 4 and 5). In field stocks development war usually a 

little slower than in laboratory stock,. P. i. ntcrrrunctella and E. cautelln 

completed the egg and pupal stages faster than the other 2 species at 20°C or 

above. At all temperatures tested, E. 
_elutella 

took longer than other species 

to complete development in either stage. Acsecsmentn of hatch, pupation and 

adult ccergence wore performed daily. 
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TA`BL:: 3. "t"o for 44r-l' ^r^crrcncc: r'rd punk cm^rr r. nce in moth 

cultures sot uu with 500 ergs at 701, R H, und under a 

16-hour daylongth, at 15-300C. 

E. e. E. elutella 

E. k. E. kuehniella 

E. c. E. ccutella 

P. i. P. interbunctella 

TEMPERATURE °C 

STOCK 
15 20 25 30 

1st Peak 1st Peak Ist Peak Ist Peak 

E. e. LAB 146(2) 167(2) 60 70 39 45 30 35 

FIELD 271(1) 306(1) 66(2) 77(2) 41 47 30 35 

E. k. LAB 132 147 59 68 38 43 29 34 

FIELD 124 138 58 66 38 43 30 31+ 

E. c. LAB - - 53 59 32 36 25 29 

FIELD - - 55 63 33 38 27 31 

PA. LAB - - 55 60 29 34 22 26 

FIELD - - 52 57 30 34 23 27 

(1) All entor diapau3o 

(2) Many enter diapanye 
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iii) Limits for development 

At 705' RH, neither E. elutella and E. kuehniella 

P. internunctella at 15°C, completed dcvolopracnt 

development under these conditions halted during 

of E. cautella hatched at 15°C, and, as no large 

occurred during early larval development. E. eli 

at 100C, nor E. cnutella and 

(table 6). In three speciec 

the egg stage, but the eggs 

larvae were teen, mortality 

atella and E. kuehniella 

completed development at 15°C even with an RH of 25%, although larval mortality 

was about 80iß in the laboratory stocks. The field stocks were tolerant to the 

low RH. At 30°C, 70% RH, eggs of these two species laid at 25°C developed 

readily to the adult stage. Attempts to produce a second generation from the 

emergences at 30°C were however unsuccessful in both laboratory and field 

stocks of E. kuehniella, and in the field stock of E. elutella. In the 

laboratory stock of E. elutella, 12 out of a sample of 81 eggs hatched, but 

only 3 adults were produced. 44 eggs of each stock of E. elutclln, E. cautella, 

and P. internunctella were exposed at 30°C9 25iß RH. The mean development time 

to the adult stage was 10-14 days longer than at 7O RH. tSortality in pre- 

adult stages at 25iol RH was greater in E. cautella than in other species. In 

all species, the field stocks were again more tolerant to the low RH. No hatch 

was recorded in eggs laid by the emerging adults of either stock of E. elutel. la 

at 30°C, 25% RH. E. cautella and P. interpunctella adults reared under these 

conditions and set up over food were able to produce a second generation. 

B. Cold Tolerance 

i) E, r 

Eggs laid at 25°C were exxpoced to temperatures below the range for complete 

development for various periods, and were then incubated at 25°C. At 10°C1 

eggs of E. ciutella and P. intermunctel. l. n failed to hatch after a 2-week 

exposure (tables 7 and 8). No adults were produced front egg,,. of the laboratory 

stock of P. interrninctellrt exposed for just 7 days at 10°C. At 15°C eggs of 
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E. cautella survived well, hatch occurring within about three weck.. of. 

P. interpunctella aped about 2 days at 25°C before transfer to 15°C iuico hatched 

at the lower temperature, and developed to the adult cttbgo after rcturzlinr; to 

25°C. After a 14-day exposure to 15°C, younger eggs failed to produce adult& 

at 25°C. Fig. 13 illustrates the decline of adult emergenco with length of 

exposure of eggs to 15°C for both E. cautelln and P. internuricteila. 

Eggs of E. elutella and E. kuehniella were exposed to 7.5 and 10°C (table 9). 

In both stocks of E. elutella, some eggs of each age group gave rise to adults 

after a 14-day exposure at 10°C, and some of the youngest and*olde t age groups 

. survived a similar period at 7.50C. 21 days at either temperature resulted in 

100iä mortality of all eggs. Eggs of the two stocks of E. kuehniolln showed a 

wide difference in cold tolerance. Rccultc for the laboratory stock resembled 

those for E. clutella except that no 0-1 day-old eggs gave rise to adults after 

a 14-day exposure at 7.5°C. In the field stock, all age groups gyve rise to 

adults after 21 days at 10°C or 14 days at 7.5°C. Eggs over I day old showed a 

small'survival after 28 days at 100 C, or 21 days at 7.5oC" 

In all species other than E. elutelln, eggs became more tolerant to cold when 

aged over I day at 250 C. 

ii) Pu ae 

After a 3-week exposure at 15°C, 48 pupae of E. cautella produced normal adults 

at 25°C. When another 48 pupae were maintained at 15°C indefinitely, 30 

completed development, but 17 of the adults produced remained partly trapped in 

the old pupal case, and wings were expanded only partly in 7 of the remainder. 

The adults obtained did not produce offspring, but examination of mouthparts 

and genitalia revealed no structural deformities. Larvae maintained in cultun=s 

at 15°C after hatching at 25°C failed to pupate and perished within three mcT1th. 
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TABLE 6. Develorment of If crecieo of stored product moths at 
temperatures n: i nu: nidit iec near t. -, e :. ir)itc or E urvi . 

w 

SPECIES STOCK 2'., P4p . D 
iD ýv0. II' SURVIVAL 

O'r'IFCS1TIO.. TO ; LI; UA. TS 
(DAYS) 

I C RH HATCH HATCH EGG TC 
ADULT RAºGE MEAN + S. E. 

Eohestia LAB 10 70 46 0 0 

elurella 15 25 44 77.3 11.4 178-383' : 00 + 103 

70 46 82.6 43.5 137-4J3(2) 279 + 113 
30 25 44 68.6 54.5(3) 38-58 44.8 + j. 9 

70 46 87.0 76.1 30-39 33.4 + 2.0 

FIELD 10 
15 

70 
25 

46 
44 

0 
90.9 

0 
59.1 344-668(1) 4o8 + 65 

70 46 91.3 76.1 302-462(1) 377 + 44 
30 25 44 90.9 80.4(3) 40- 57 44.6 _+ 4.0 

70 46 82.6 76.1 29- 38 33.3 + 2.2 

Eohestia 
kuehniella 

LAB 10 
15 

70 
25 

46 
44 

0 
56.7 

0 
22.7 167-211 186 + 14 

70 46 93.5 131 143 + ß 
30 70 46 93.5 3) 

g4.8( 
37 31- +1 8 

FIELD 10 
15 

70 
25 

46 
44 

0 
79.6 

0 
61.3 162-197 178 + 12 

70 46 91.3 87.0 125-158 134 +8 
30 70 46 89.1 82.6(3) 31- 38 33.4 + 2.0 

Ephestia 
cautella 

LAB 15 
30 

70 
25 

100 
44 

83.0 
77.3 

0 
22.7 31- 51 42.6 + 4.0 

70 100 93.0 79.0 25- 33 28.4 
.71.6 

FIELD 15 
30 

70 
25 

100 
44 

75.0 
84.1 

0 
45.5 38- 54 43.5 + 4.4 

70 100 88.0 80.0 27- 34 29.9 ± 1.5 

Plodia 
inter- 

LAB 15 
30 

70 
25 

100 
44 

0 
91.3 

0 
50.0 34- 43 37.4. t 2.5 

j 11a 70 100 94.0 89.0 24- 31 26.2 ± 1.7 

FIELD 15 
30 

70 
25 

100 
44 

0 
88.6 

0 
70.5 ýý ý 

70 100 92.0 88. - 32 "9 - 27.0 + 

" Only 5 adults, three of which enter diapau6e. 

(1) All enter diapause 

(2) ! "Iany enter diapause 

(3) Adults infertile 

w 
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TAB1Z `1. jhcstia cautella: nerce.: tarre survivnir, to tim arJu t ntr+s-r:, 
calculated fron 1: a tcii in con troff b, . c;, e, of of 1u( 
errs ex-nosed for vnrjou: i oriods at II Jc 17'(: k,, hatcri 
indicated in parenthesis). 

AG£ OF EGGS AT 25°C 6.1iMi TRA: vSFEiRED TO LW TII&iPiRATURE 
TEMP DAYS (DAYS) 

°C EXPOSED 
LAiORATORY STOCK k I'r.. Äý. D STOCK 

0-1 1-2 2-3 0-1 1-2 2-3 

10 0 94 (88) 89 (73) 87 (80) 88 (78) 90 (89) 93 (84) 

7 10 (74) 8 (40) 5 (24) 9 (24) 33 (68) 25 (49) 

10 0 (26) 2 (21) 1 (17) 0 (15) 5 (33) 2 (30) 

14 0 (o) 0 (0) o (o) 0 (0) 0 (0) 0 (0) 

15 0 88 (83) 88 (90) 87 (82) 88 (83) 84 (81) 86 (79) 

4 86 (78) 88 (87) 96 (86) - - - 
8 92 (85) 80 (88) 71 (74) - - - 

11 80 (70) 66 (73) 72 (68) 70 (78) 63 (69) 73 (71) 

15 52 (70) 63 (75) 62 (73) - - - 

21 64 (66) 81 (81) 87 (77) 61 (65) 77 (72) 75 (67) 

28 50 (63) 64 (80) 74 (71) - - - 

35 43 (58) 65 (71+) 69 (70) 49 (65) 58 (6o) 66 (75) 
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`1'iß. 3' z 8. Plodia interturictel_1a: nercontar e curvivnyr to the adult 
state. ca,. culaten z roil nrtcj; in control br&tcho 
of 100 ej7,7s exbooed for various periods at 1coC arid Vic: 
l>o hatch indicated in narenthesi .) 

AGE OF EGGS AT 25 °C TO iOW lý. i t'r. IZýTU : 
TLVÜD DAYS (ll: +YS) or, LXPOSED 

LAB ORATORY STOCK F IEJ�D STOCK 

0-1 1-2 2-3 0-1 1-2 2-3 

10 0 87 (93) 93 (86) 91 (89) 88 (91) 92 (87) 95 (82) 

5 15 (20) 64 (63) 71 (80) 11 (240 32 (54) 38 (67) 

7 0 (o) 0 (37) 0 (10) 5 (25) '32 (48) 28 (50) 
10 0 (0) 0 (0) 0 (0) 0 (0) 0 (2) 0 (0) 

14 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

15 0 96 (82) 97 (84) 95 (80) 94 (83) 89 (81) 95 (80) 

2 96 (81) 95 (86) - - - - 
4 85 (78) 81 (78) 96 (83) - - - 
8 37 (67) 35 (42) 89 (82) - - - 

11 1 (27) 5 (23) 72 (70) 13 (46) 22 (52) 75 (71) 

14 0 ('2) 2 (15) 72 (78) 0 (12) 10 (30) 69 (75) 

19 0 (0) 2 (14) 64 (77) - - - 

25 0 (0) 2 (14) 66 (79) - - - 
32 - 1 (11) 64 (74) - - - 
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4 

Fig. 13. Effect of periods spent at 150C on the 

subsequent survival at 25°C of eggs of 

the laboratory stocks of Plodia interpunctella 

and Ephestia cautella laid and held for 

different times at 25 °C. 
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TARIX 9. Percents-e vurvi vn"i p to t. hp Ptltilt rt e-A h ýr ýi CO, t1: 1 ko ýl ill 
co:, troloI of baLc of :, tin e' utc,.. ýa a: ýc ý, a 
kuei. n ie-L 1 ti OFF r r. xnosr-d for var. kour nc±t" i cýrýc; r, t 5. ý, ý ý. u? 10°C 
lý4 hatc. indicateu in nurentizesir). 

AGE OF EGGS iT 250C 4tr. F..: TH.,.: SFE D '1'0 LOW 
T: . i':.: TZ (D4 YS) 

YS Di STOCK TE iP 
00 

º 
EXPOSED L. elutella L. kuehniolln 

0-1 1-2 2-3 0-1 1-2 2-3 

LAB 7.5 0 98 (79) 91 (85) 93 (80) 97 (91) 98 (87) 95 (94) 
7 20 (43) 46 (54) 45 (61) 43 (75) 39 (79) 53 (86) 

14 4 (26) 0 (26) 5 (10) 0 (22) o (11) 4 (36) 

21 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

10 7 39 (61) 33 (48) 64 (77) 87 (83) 89 (85) 93 (93) 
14 11 (40) 2 (17) 11 (34) 15 (7-0) 6 (13) 22 (47) 

21 0 (0) 0 (0) 0(0) 0 (10) 0(4) 0 (18) 

28 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

FIELD 7.5 0 84 (78) 87 (71) 90 (78) 89 (91) ! 96 (89) 84 (88) 
7 47 (52) 51 (59) 67 (62j' 60 (81) 33 (90) 85 (94) 

14 6 (33) 0 (15) 10 (29) 51 (64) 770 (85) 52 (61) 
21 0 (0) 0 (0) 0 (0) 0 (440) 3 (30) 3 (17) 

28 - - - o (0) 0 (0) 0 (0) 

10 7 54 (66) 62 (67) 74 (72) 55 (71) 92 (87) 80 (92) 

it, 6 (20) 3 (25) 13 (16) 49 ('j2) 81 (87) 76 (82) 
21 0(0) 0(0) 0(0) 16(56) 24(62) 27(40) 

28 0(0) 0(0) 0(0) 0(14) 2(7) 3(22) 

35 - - - 0(0) 0(1) 0(12) 
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With P. 
. _in r*ýurýrt 11: ýs no u1ta cr r, ed trara 16 ruraa hold r. t 1ý Oct 

ß:, c1 

another 36 pupao exposed 21 days at this tompnrnture gave rice to tnfortile 

adults at 250C. A second generation knc produced when 2,19 adultv of 

'. ktIahnte r were placed over food after arercinC from puppe exposed ?i days 

at 100C. The proportione of normal sind abnorw. Pl tdu1tc of Vii. nlutniln 

appearing crafter expo: inC pupae for 21 dnyo at 2f7.5 or 10OC ore cboun in 

table 10. Severni of the emergencen from the 7.5 and 20C b: ºtchec hnd wingr 

entirely or partly devoid of cca1en. Ikformittoc of the enttnlia or routhpnrtr 

work novertheloss rare and curvivors from each tacit tempernturo when placed 

over food produced n second gencrntion. 

iii) Ltirvne in dinrnuro 

.0 

Diapauring inrvao ware vary tolorant of cold. Cul. turec of F. c 1utntin ovor- 

wintcred in an unheated outbuilding wham tampcrnturec fell or. occnofonn to 

-tý°C. Culturou of P. intornunctolln tolerated minim -3 trmpor. turcc of nbout 

20C , 
inn c1ightly heated -boom. In the laboratory, r=cvorol hundred dtnpauring 

lrtrvao of Ev. e1utnlln were oxpocod to 5°C for up to 10 weck : and to 2. jC for 

up to 4 weeks. The odulte vubncquontly produced wore noma1 in nppc r nco and 

fertility. Diapauning larvae of P. intemunctciln oXiO od for 6 uooko at 2.5 

or 7.50 C, or for 10 wooy: n at 10 ° Cl O ; owed little rort: º1itY, nrd 1101"I'1 fortility 

in the aduita produced. 

C. Pent 1 ovrý-: rn: r. in Mack Cu tur m 

i) linru! tr from I nointri inmidn Ci ts«rcr 114 cm in di"t-l"t l' 

Tompur: ituro ricoo of revorti. L dogrocs nbovo r. sbi, r: t wuro recorded in cu. itur*3 of 

all vpocion ifirrs. 14 - 17). Tht) )iouc rt tv; it r, otcurr cl in týra r. lic! ddt. o of thu 

trrý cs; tur+ý .n thi" 
culture witl, in tlio upper ? ca or t, %,, food l. rýycr. Cir hr Of 

region ngairrt time chourd an nccI ! 1.; ttng rir-. tv .ý rn_lrr :,,, '"k 17 

we 70 - 



TABLE 10. Effect of 21-day exposures to selected low temperatures on 

pupae of the laboratory rtock of Ephestia elutella 

TEi' PERATUP. E 
°C 

NO. OF PUPAE 
EXPOSED 

NORMAL 
ADULTS 

DEFORME4 
ADULTS 

SCALELESS 
ADULTS 

DEAD 
PUPAE 

10 46 26 16 0 4 

7.5 44 15 22 2 7 

2 46 11 27 6 8 

Including scaleless adult3 
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(deoendinf; on the species) after introduction of adults, followed by a some 'al a-t,. 

slower decline. At the base of the culture 7-8 cm below the surface, 

temperature increased irregularly to a smaller peak roughly a week after the 

maximum rise at the centre. In cultures of E. kuehnielln, n second peak was 

observed near the food surface at this time. 

ii) Variation of humidity at the food rurf: ice with culture temoorature 

10 

Glycerol lowered the relative humidity at the food surface in freckly-set-up 

cultures. Temperature changes within cultures produced inversely related changes 

in the humidity level (figs. 18 - 21). The discrepancy between humidity at the 

food surface and outside the culture decreased in cultures of E. cnutelin, and 

disappeared altogether in cultures of the other three species shortly before the 

emergence of adults. Significantly, only the top 2 or 3 cm of food had been 

utilised in E. cautella cultures, and the number of adults produced was low in 

comparison with other species. 

2. CULTURAL PACMRS 

A. Surface Area of Food 

The area of the food surface controlled the yield of adults at high population 

densities (tables 11 - 14). In jars of cross sectional area i.. 9 crl2, tho 

yield of adults of P. internunctella, E. kuehnielin, and E. olutella, was 

markedly depressed at a population density of 8 larvae / cm2, while in culturci3 

of E. cnutella, yield was depressed at 4 larvae / cm 
2. Although results were 

variable, development was a little factor in cultures of greater area or higher. 

population density, provided that yield was not severely depressed. The 

difference was significant in all 4 species when development times of 40 insects 

in culturoa of surface area 4.9 and 50.3 cm2 worn compared (p =<0.02). 
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Fig. 14. Plodia interpunctella: Heat movements at 3 points 

within a 3-1 jar culture. 
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Fig. 15. Ephestia kuehniella: Heat movements at 3 points 

within a 3-1 jar culture. 

- 74 - 



" Centre (upper 2cm) 
7 

o Side (» "" ) 
u 

6 0 (7-8cm 
N deep) 

W 5 
i 
0 
m 4 

W 

vs 3 

cc 

2 

W ' 
\C 

\O 

048 12 16 20 24 28 32 36 40 

DAYS AFTER FIRST EGGS LAID 



Fig. 16. Ephoctin cnutella: Hoat moven1entc at 3 

points within a 3-1 jar culture. 
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Fig. 17. } hoctin clutella: Heat movcncntc at 3 

points within a 3.. 1 jar culture. 
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Fig. 18. Plodia internunctollu: heat movement and Rii 

at thb food curfaco of a 3-1 jar culture 
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41 

Fig. 19. Ephentin kuehninlin: Heat movement and RH 

at the food surface of a 3-1 jar culture. 
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Fig. 20. E2hestin cautelln: Heat movement and RH 

at the food curfaco of a 3-1 jar culture. 
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Fig. 21. Ephestia olutolla: Heat movement and RH 

at the food surface of a 3-1 jar culture. 
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TABLE 11. Development of Plodia interpunctella on 5 c; foad bulks in 

containers giving different arena at the food cnrfnce 

AREA OF NO. OF NO. OF ADULTS MAN yö RANGE OF MEiN & S. D. 
FOOD LARVAE EMERGING IN 2 SURVIVAL DEVELOP- FOR DEVELOP- 

SURFACE 
crn2 

ADDED OR 3 REPLICATES TO ADULT 
MENT 

TIMES (DAYS) 
MENT 

TIME (DAYS) 

4.9 10 8,9,9 87 31 - 41 36.3 + 1.6 

20 18,17,15 83 31 - 42 35-9. t 2.1 

40 33,20 66 33 - 42 36.8 + 1.8 

22.8 10 10,9,10 97 32 - 44 36.2 + 1.9 

20 14,18,19 85 32 - 42 36.1 + 2.2 

40 34,35 86 31 - 43 35.7 + 2.0 

50.3 10 9,99 10 93 31 - 41 36.0 ± 1.7 

20 18,19,18 92 31 - 47 35-9. t 1.9 
40 37,32 86 31 - 45 35.6 + 2.1 

* In this and the following three tables, counts of adult emergence were 

performed at least 3 times a week. For the estimation of means, the 

adults emerging in any 2 or 3-day period were taken to have appeared at 

the half-way point between counts. 
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TABLE 12. Development of 1 nheýntiR kuehnielln on 5 f* fond hulks in 

containers Giving different areas st the food rurfnca 

AREA OF NO. OF NO. OF ADULTS 1291 R%JIGE OF & S. D. MEAN 
FOOD 

SURFACE SURFACE EMERGING IN 2 SURVIVAL DEVELOP- 
1°'1T 

, FOR DEVELOP- 
LENT 

CM2 
iDDED OR 3 I'. l: PLICATES `l'0 10)ULT r, 1I LEES (DAYS) TIME (DAYS) 

4.9 10 10,9,10 97 140 - 52 44.9 ± 2.6 

20 19,17,18 90 39-51+ 44.6±3.4 

40 24,29 - 64 40 - 51+ 44.8 + 2.7 

22.8 10 9,10,9 93 4o - 52 45.0 ± 2.8 

20 20,18,20 97 39 - 48 44.2 + 2.6 

40 32,38 - 88 39 - 55 44.0 + 3.1 

50.3 10 10,9,10 97 40 - 51 44.7 ± 3.2 

20 17,20,19 93 39 - 50 43.9 + 3.0 

40 369 36 - 
,ý 

90 - 53 39 43.6 + 2.9 
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TABLE 13. Development of Eoheutia elutellu on a r- food bulks in 

containers ivinf; different areas at the food surface 

AREA OF 
FOOD NO. OF NO. OF ADULTS MEAN % RANGE OF 

DEVELOP- 
MEAN & S. D. 

FOR DEVELOP 
SURFACE LARVAE EMERGING IN 2 SURVIVAL MENT MENT 

cat 
ADDED OR 3 REPLICATES TO ADULT TIMES ( DAYS) TIME (DAYS) 

4.9 10 9,91 10 93 42 - 59 46.1 ± 3.1 

20 16,12,15 73 41 - 51 46.7 + 2.8 

40 18,19 - 46 42 - 64 47.8 + 3.5 

22.8 10 9,10,9 93 42 - 52 46.4 + 2.7 

20 17,16,19 87 41 - 50 45.9 ± 2.4 

40 35,36 - 89 41 - 57 45.7 ± 2.8 

50.3 10 8,10,9 90 41 - 50 45.8 + 2.5 

20 18,17,16 85 40 - 58 46.3 ± 3.0 

40 35,31 - 83 40 - 61 45.5 ± 2.9 
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TABIA-mli 14. Devclormcnt of Ephestia cautella on 2 p, food bulkA in 

containers giving different areas at the food rurfaco 

AREA OF NO. OF NO. OF ADULTS MAN % RANGE OF MEN N& 
ýS. 

D. 
FOOD 

SURFACE LARVAE EMERGING IN 2 SURVIVAL 
Dh' LOP"' 

MENT 
FOR DEVELOP- 

t"ENT 
cm2 

ADDED OR 3 REPLICATES TO ADULT MM (DAYS) TIME (DAYS) 

4.9 10 7,9,8 80 32 - 43 36.8 + 1.9 

20 13,14,11 63 32 - 52 37.0 + 2.5 

40 16,11 - 34 32 - 49 37.4 + 2.1 

22.8 10 9,9o 10 93 32 - 46 36.6 ± 2.1 

20 19, , 20,18 95 31 - 41 35-7± 1.8 

40 32,26 - 73 31 - 1+3 36.2 + 2.0 

50.3 10 8,10,10 93 31 - 49 36.6 + 2.3 

20 17,16,17 83 32 - 55 35-9± 2.7 

40 299 34 - 79 31 - 47 35.4 + 2.2 
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B. Death of Food 

In all species, only depths less than 3 cm limited the yield of adults (table 1; ). 

Percentage survival to the adult stage was generally greater in cultures set up 

with fewer insects. Development was usually a little faster when more insects 

were present, but in cultures of E. cautella set up with 320 larvae, a wall 

resurgence of emergence occurred about two weeks after the main period, 

lengthening the mean development time. This resurgence has been divided from 

the main emergence at the 44th day for the calculation of mean development time. 

In table 15, the mean development times for both camplos are presented with the' 

range for the complete sample. 

C. Ponulntion Density 

Increasing population density decreased percentage survival at first gradually, 

and then more sharply (table 16). Fewer adults of E. cauteliri were obtained with 

800 larvae per culture than with 400 larvae per culture. A second generation 

appeared in test cultures even when survival in the first generation was lowered. 

Development was usually delayed in cultures where percentage survival was less 

than 75%. In heavily populated cultures of E. cautelln, many fully grown larvae 

were observed wandering when the first adults appeared, and, as in the experi- 

nents on different weights of food (table 15), a second period of emergence was 

observed 2-4 weeks later. The later adults comprised about 15 - 20% of the 

total emergence. 

D. Ilent Generation 

Heat generated in cultures of developing larvae caueed temperature rieoc of 

zovc: ral °C 
above ambient. The mit imum temperature rice in cultures 14 cn in 

diameter and containing 325 g of food, was proportional over a limited range 

to the logarithm of the number of incectn added (cee fig. 22). E. cautella 
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r 
i 

generated more heat than the other specien %%, ith about 1000 or more inrectc, 

while E. ku ehniella generated more heat with about 500 or less insects. Traces 

of temperature against time for each species (figs. 23 - 26) showed that 

temperature peaks tended to occur earlier in cultures of higher population 

density. Cultures of E. kuehriella set up with over 1000 insects showed two 

distinct temperature peaks, but only the first peak, which was the greater of 

the two at high population densities, was clearly related to the number of 

insects present (see figs. 24 and 22). 

With the results of experiments on culture conditions and microclimate in 

mind, smaller cultures of diameter 7.5 cm and containing 130 g of food, were 

chosen for use in toxicity tests on all stages (Chemical Results, section 1). 

These cultures did not show temperature rites of more than 1°C when set up with 

a total of 200 insects added in 3 or 4 batches at weekly intervals. 

3. INDUCTION OF DIAPAUSE 

Diapause gras induced in Ephestia elutella and Plodiri interpunetella by lowered 

temperature within the developmental range, by short photoperiods or darkness, 

or by continual light. High population density was on additional factor inducing; 

diapauco in P. internunctella. In both species, diapauce was induced more 

readily, and over a greater range of temperatures, in the field stock than in 

the laboratory stock. 

A. Induction by Temnernturo and Liaht in Enhestia clutella 

i) Tho i'boratory stock 

Very few larvae entered diapauoe at 25 °C or 30°C (table 17)s probably becauce 

the stock had been bred continuously for many gener3tiona at 25°C. At 20°C, A 

high percentage of larvae entered diapauce ': lien dF, ylenr th was between 8 and 12 

r 

1 
1 
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5r of _+ T . y. 15 . 1. De olo-pren , oil. storage notl; a U abor, to7-v- 6Luß: r, on 
different ounntities of food in ihrs 8 cm in diameter 

320 Ii; SECTS/CULTU'RI', 80 INSECTS/CULTURE r. V'I, u; 

r'GOL TII FOR DEVELOP TII". FOR ILVEL0F rCI 
uo AND SFECI::: S LEM SUPVIVj L "I", LNT (! )�YS) SýRVMVr. L -I: ENT WAYS) 

ULT 20 
1 

(cn) TO ADULT TC /DU 3 
STAGE (;: ) 

: A1iUE IWAN ü STAGE (;: ) 
RANGE 

: --AN & 
S. D. 

Plodia 7 88 29-48 35.3, t 2.6 93 32-43 36.3 + 1.8 0.1; % 
intor- 5 87 30-47 35.2 + 2.4 85 32-42 36.0 + 2.3 5ö 
i-)unctella 

3 87 30-50 36.4 2.7 96 31-44 36.6 + 2.2 - 
2 76 30-48 37.8 _ 2.4 91 32-45 37.2 + 2.3 - 

Euhestiaa 7 61 30-58 35.6 + 2.3 79 32-56 36.7 + 2.1 0.1%; 
cautella (26*) 50.4 + 3.2 (2*) 

5 66 32-35 35.7 + 2.4 80 3; -43 36.8 + 2.1 0.1; o (22*) 50.0 + 3.1 (0*) 

3 68 31-57 36.3 2.2 84 32-53 36.5 ± 2.0 - 
(24*) 51.6 2.9 (2*) 

2 47 32-58 36.0 + 2.5 81 32-47 36.9 + 2.0 1% 
(19*) 50.3 13.4 (3*) 

Enhestia 7 83 38-59 43.6 + 3.3 93 39-55 44.4 ± 3.4 - 
1: uehn- 5 89 38-62 t 3.7 43.2 88 39-58 44.1 + 3.5 - ietl , - 

3 87 33-66 43-5. t 2.9 91 1 41-60 44.9 + 3.1 1% 

2 81 39-63 43.9 + 3.2 88 40-52 44.9 12.9 2 5%, 

Ephestia 7 78 40-71 45.3 + 3.0 90 41-63 45.9 ± 2.8 - cluut 
5 82 4o-6o 45.1 ± 2.8 86 42-56 46.2 + 2.7 2 ;Z 

3 79 40-67 45.7 ± 3.0 83 41-67 45.9 ± 3.1 - 
2 62 40-69 46.1 + 3.4 91 43-59 46.7 12-7 - 

" Dumber of adults emercing after '+4th day. Moan development times 

are quoted for individuals emerging by 44th dny (ist lino) and, 

for 320-insect cultures, for individuals cmerCinC later (2nd line). 
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TABLE 16. Percenta e survivalcf storage noth5 to adult :, tare in 

ors 8 cm in dicmn2ter set up v. ith 50 v* of food and 

different numbers of newly hatched larvae. 

w 

IvO. OF LARVAE 
ADDED 

Plod -ja interpunctella 
Enhestia 

kuehniella 
? 'rhectin 
elutelln 

_hestia 
cnutelln 

100 93 92 85 82 

100 96 83 90 86 

200 93 84 78 76 

200 92 83 84 85 

4oo 85 78 75 66 

400 85 80 72 62 

8oo 65 62 51 23 
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Fig. 22. Population density in Pyralid moth cultures 

and maximum temperature rise. 

0 
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Fig. 23. Plodia interpunctella: Population density and heat 

movementn in 3_1 jar cultures. 
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Fig. 24. Ephestia kuehn iella: Population density 

and heat movements in 3-1 jar cultures. 
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Fig. 25. Ephestia cautella: Population density and 

heat movements in 3-1 jar cultures. 
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Fig. 26. Ephestia elutella: Population density and 

heat movements in 3-1 jar cultures. 
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TM3IX 17. The induction of dir, naure in the 1nborntorvntock of Enhentitt 

c1utella at various tc, nrerriture$, and under variour I ht's 

conditiono (nil oxperiments at 7(0I1I1) 

o TIMPERATURE C HOURS LIGHT PER DAY NO. IN ;6 MORTALITY 
'° "'r °tt`ýn 
ENTERIL''G (AT 200-1000 LUX) BATCH DIAPAUSE 

30 0 69 7.2 0 

25 0 66 4.5 1.5 
8 645* 1.7 4.1 

16 140 2.1 0 

20. 0 297 8.8 30.6 
0 (For 5wk, then 8Hr) 139 3.6 43.2 
8 778/ 1.6 84.4 
8 (At <1 lux) 47 2.1 51.1 

12 82 1.2 90.2 

14 67 3.0 34.3 

16 88 0 5.7 
16 (At <1 lux) 86 1.2 2.3 

16 (At <1 lux incl. 
8 at 400 lux) 202 0.5 5.5 

24 43 0 2.3 
24 (At <1 lux) 45 0 2.2 

12 (Shortening in 
6 wks to 9.5) 274 1.5 88.7 

15.5 (Shortening in 
6 wks to 13) 43 0 7.0 

15 0 61 1.6 96.7 
24 58 1.7 81. o 

2) Weeks at 0 at 25°C ( 133 1.5 83.5 
3 25°C before 8 at 20°C 

( 
138 1.4 71.0 

4) dropping ( 274 1.5 4.0 
to 20°C 

* Results of 4 batches combined. In all four, diapause 

occurred in less than 7% of larvae present. 
Results of 6 batches combined. Samples contained 79-267 

larvae, and the percentage entering diapauae varied from 
79.4 - 91.1g. 
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hours. In continual darkness, or with a dayiength of 14 hour:., the proportion 

of insects entering diapaur e was considerably reduced, and with a clr1y]. riq; th of 

'. _ "i'vne expose(, (ýnterecl c: ýr ýrýuce. 16 hours, or in continual light, only 2 a_' 

Progressively shortening daylengths at 20°C from 15.5 hours light at hatching 

to about 13 hours six weF"kr later, at which time pupation war procecdint-, 

produced a similarly low percentage of diapaucing individuals. 

Continual light or 16-hour photoperiods of approximate intensity I lux were an 

effective as intensities of over 200 lux in encouraging continuous development, 

while an 8-hour photoporiod of intensity 1 lux was less effective in stimulating 

diapause than similar photoperiods at higher light intensities. The presence 

of an 8-hour photoperiod at 400 lux during a 16-hour photoperiod at 1 lux, did 

not, however, increase the proportion of larvae entering diapauce. 

Retaining insects for up to three weeks from egg laying in darkness at 25°C had 

little effect on the subsequent induction of diapause at 20°C. Of insects 

retained 4 wecke at 25°C, very few entered diapauce at 20°C. Similarly, holding 

in darkness at 20 °C for five weeks from egg laying, and then exposing to an 

8-hour daylength, produced a auch smaller proportion of diapausinc larvae than 

when short daylength was experienced earlier in development. 

At 15°C, high percentages of larvae entered diapauce under continual light or 

continual darkness. 

ii) The field stock 

Results are curni rived in table 18. At 30°C, come larvae entered diapauce in 

darkness, but no diapause occurred under a 16-hour photoperidi. At 25°C, 

diapause did not occur in unchanging daylengthc of 15-20 hours, or in daylengths 

progressively shortening from 16 hours at egg laying to 14 hours at pupation but 
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a few individuale entered diapause in continual light. About 5Q of insects 

reared in continual darkness, and over 95`, ' of incectc reared at drylcnGthc of 

8-13 hours, entered diapauce. 

At 20°C, a high proportion of larvae entered diapauce under all light conditions 

tested. Apart from a small mortality, the response was total in continual 

darkness, or under daylengths of 12 hours or less. Light systems giving 

intensities of over 200 lux, and those giving intensities of no more than 1 lux, 

gave comparable results. 

At 15°C, all insects that survived . entered diapause under continual light or 

continual darkness. 

Experiments were performed 

maintained at 25°C under a 

all entered diapause under 

days at 25 °C before exposu: 

to locate the censitive phase. When insects were 

16-hour daylength for up to 18 days from egg laying, 

an 8-hour daylength at 20°C. Samples kept for 21-28 

re to an 8-hour photoperiod at 20°C, Showed a 

progressive reduction in the proportion of insects entering diapause, and after 

31 days under long daylength at 25°C, by which time some pupation would have 

occurred, no insects entered diapause at all. In another experiment, larvae 

were reared from egg laying under a 13-hour daylength at 25°C and were trans- 

ferred at intervals to a 16-hour daylength. The subsequent patterns of cmergence 

were similar in samples remaining up to 28 days under the 13-hour daylongth, but 

in samples remaining under this daylength 31 days or longer, many larvae delayed 

pupating, and the emergence was more protracted (fig. 27). 

B. Humidity and the Induction of Ilä. apauco in Enhentia elutella 

At 300C, no diapauce occurred in the laboratory stock regardiesc of light or 

humidity (table 19). A total of "159 insects were tented. In the field c; tocl:, 

r 
96 

- 



TABLE 18, The induction of diannuse in the field stock of Erhestin 

elutelle. under various conditions of tecnnernture and licht. 

(All e>: nerirents at 70% RH) 

T "tPERATURE (°C) HOURS LIGHT/DAY 
(AT 200-1000 LUX) 

NO. IN 
BATCH 

% 
MORTALITY 

% ENTERING 
DIAPAUSE 

30 0 402 3.5 23.1 

16 135 1.5 0 

25 0 178 5.1 48.9 

8 129 2.3 97.0 
12 132 1.5 96.2 

13 126 1.6 96.8 

14 70 2.9 57.1 
15 60 1.7 0 

16 66 0 0 
18 67 3.0 0 
20 66 1.5 0 
24 60 5.0 5.0 
16 (shortening in 

5 wks to 14) 65 1.5 0 

20 0 342" 1.5 98.5 
8 6760 0.9 99.1 

12 134 1.5 98.5 
14 62 3.2 91.9 

16 66 1.5 87.9 

16 (at <1 lux) 68 2.9 76.5 
24 69 1.4 94.2 

24 (at <1 lux) 67 0 95.5 

15 0 42 4.8 95.2 
24 62 1.6 98.4 

15 ) ) 135 1.5 98.5 
18 

)Days 
16 at 250C 130 o. 8 99.2 

21 )at 25°C ) 138 1.4 84.2 

23 
)before 

8 at 20°C 
66 0 81.8 

25 )dropping ) 65 1.5 70.8 

28 to 20°C 133 2.3 42.9 
31 ) ) 62 1.6 0 

" Results for several batches combined. All surviving insects entered 
diapauae. 
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Fig. 27. Pupation of Ephestia elutella (field stock) larvae 

under a 16-hour daylength at 250 C, after holding 

from ovipoyition under a 13-hour daylength for 

28 and 31 days. 
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TAUE 19, Nort t ity [4r the induc ioli of dia1Ciaurc i EnlhCcL1. rt C. UtOLle1 
at : ': 'O : ILma Lties 

: 'IL -D STOCK AT 30°C 

DARK 

i, iKRATORY STOCK AT 
15°C 

CO,. TLXI+L LIG: iT 

HU: "iIDITY (iö RH) 25 70 25 70 

A Ui", 3LP, In BATCH 44 46 44 46 

;o NOR`lALITY (I: 'CLUDL G 
DEATHS OF Ist I 'STAR 15.9 13.0 84.1 41.2 
LARVAE) 

SURVIVORS OF 45.9 22.5 71.4 74.1 E1iT. RING DIAPAUSE 
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low humidity increased the proportion of intecta entc: ink dinpruncu, in continual 

darkness. At 15°C, all surviving larvae of the 250 trcted entered dinpauro 

regardless of tight or humidity, while in the laboratory stock little difference 

occurred in the proportions of survivors entering 1 phure nt 70^ö or ?5 RH, 

although mortality and development time were increased at the lor: cr humidity 

(c. f. Section 1. A. iii). 

C. Induction by Temper ture and Light in Piodin interpunctells 

i) The inboratory stock 

w 

Diapause was induced by rearing at 20°C, or lowering the temperature from 25°C 

to 200C during the first 17 days after oviposition, provided that the daylength 

was 12 hours or less (table 20). With a 14 or 16-hour dayiength at 20°C, very 

few or no insects entered diapnuce. Even at an intensity of 1 lux at the surface 

of tubes containing insects, a 16-hour photoperioci was effective in encouraging 

continuous development. Under continual light at 200C, diapause occurred in a 

small percentage of the insects exposed. No, larvae kept at 250C for 20 days or 

loner, regardless of daylennth, entered diapauce. Like the laboratory stock 

of E. elutella this stock had been bred continuously at 25°C for many years. 

ii) The field stock 

Diapause was induced in batches transferred from a 16-hour daylongth at 25°C to 

20°C up to 18 days from egg laying (table 21). The response was nearly total in 

batches moved to an 8-hour daylength at 20°C after 12 or 15 days at 25°C, but was 

much reduced in batches moved after 18 days. No incccts entered diapause in a 

batch moved after 21 days. Dropping larvae to darkness, ' continual light, or a 

12-hour photoperiod at 20°C after 12 days at 25 °C, 
proved na effective in 

inducing diapauce no dropping to the 8-hour photoperiod. In contrast, a 
l. 

photoporiod shortening byminuteo u ci., y from 14. E hours, or constant 14 or A 
1G-hour photoperiodn, viere effective in prc'ventiný; cýirapau e. Fewer than le-1 of 
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larvae dropped from 25°C to theno photoperiodc at 20°C entered diropauce. 

Similar results were obtained with a 16-hour photoperiod of light intensity no 

more than 1 lux to one at 400 lux. 

When insects reared for 10 days at 3000 were dropped 10 days after egg hying to 

a 16-hour daylength at 20°C, a much greater proportion entered diapause than in 

batches dropped from 25°C (table 21). 

At 250C, some larvae reared in continual light or darknesc, or under photoperiods 

of 13 hours or less entered diapauce. No diapauco occurred in batches expo:, ed 

to darkness or continual light at 30°C, or to a 14 or 16-hour photoperiod at 25'C. 

I 

D. Population Pressure 

i) Ephostia elutolla and Plodia interpunctellu 

Batches of the field stock of E. elute1? a reared at densities of 2,4,8 and 12 

larvae per gram of food, Gave similar percentaces of larvae entering diapauce 

in darkness at 25°C (table 22). Mortality, however, increased with increasing 

density. In the laboratory stock, which was set up in darkness at 20°C, results 

were variable. Higher proportions of incects entered diapauce in samples with 

12 larvae/g of food than in samples of lower densities, but this result could 

have arisen by chance. In contrast with the field stock, mortality at all 

densities was low. 

Th--proportion of larvae the field stock of P. internunctelln entering diapause 

at 25 0C in batches with 10 larvae/g of food was much Greater than in batches with 

2 or 4 larvae/g. Mortality was low in all batches. 

ii) Attempts to induce dinncuGc in Enhe^tis cnutella 

Attempts to induce diapause were unsuccessful when snmp]"es reared at high larval 
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TABLE 20. The induction of dinroure in the laboratory stock of 

Plodia internunctella by temperature droot from 25°C 

to 20°C under various 1ightin conditions (all exnerimentn at 70! Rli) 

° 
HOURS LIGHT PER DAY 

° N % OF BATCH 
C DAYS AT 25 AT 20 C BÄTCH % MORTALITY E71TERIWG 

(AT 200-1000 LUX) DIAPAUSE 

.0 0 50 8.0 90.0 

8 76 0 100 
16 48 0 0 

.6 
8 48 2.1 97.9 

" 12 
. 

47 0 100 

14 48 2.1 2.1 

16 46 2.2 0 
16 (at <1 lux) 46 2.2 8.7 

24 43 2.3 7.0 

12 0 406 1.2 98.3 
8 46 0 100 

15 0 71 1.4 84.5 
8 412 1.2 97.3 

12 48 4.2 95.8 
16 47 0 2.1 

17 0 69 2.9 91.3 
8 135 3.7 91i. 1 

20 8 71 1.4 0 
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TAALr: 21, 'T'AP induction of dinnausn in the field stock of Podia 

interpunctella under various conditions of temperature 

and light (all experiments at 70% RH) 

TD4P£RATURE HOURS LIGHT/DAY NUMBER % % OF BATCH 
(FROM EGG 
LAYING) AT 200-1000 LUX) IN 

BATCH MORTALITY F14TMNG 
DIAPAUSE 

25°C for 12 days 0 280 0.7 97.1 

then 20°C 8 551 1.3 97.3 
12 71 1.4 98.6 
14 68 0 5.9 
16 70 1.4 11.4 
16 (at <1 lux) 68 1.5 7.4 
24 64 3.1 89.0 
24 (at <1 lux) 67 0 94.0 

14.5 (shortening 69 0 8.7 
by 4 min/day) 

30°C for 10 days 16 66 1.5 36.4 
then 20 C 

25°C fog 15 days 8 274 1.5 95.2 
then 20 C 

25°C for 18 days 8 141 0.7 29.1 
then 20°C 

25°C for 21 days 8 45 0 0 
then 20°C 

25°C 0 163 6.7 29.5 
throughout 8 5118 1.5 19.0 development 

12 62 1.6 37.1 
13 66 4.5 10.7 
14 71 2.8 0 
16 47 0 0 
21E 1 tf0 0 24.3 

30°C 0 47 6.4 0 
throughout 

24 45 2.2 0 development 

- 103 - 



TRBLS 22. Diapause in batches of Erhestia elutella and 
Plodin interpunctella larvae set up in 

darkness at different densities. 

% OF BATCH 
SPECIES AND 

STOCK 
TFW,, P. 

°C. 
LLRVLE/g 
OF FOOD 

TOTP1 NO. 
OF INSECTS 

% 
MORTALITY* 

ELITERING 
DIAPAUSE 

E. elutella 20 2 70 10.0 21.4 

(LAB. STOCK) 
4 100 10.0 15.0 

8 96 11.5 16.7 

12 144 13.2 30.0 

E. elutella 25 2 96 5.2 45.8 

(FIELOCD 
K) 4 96 12.5 55.2 S 

8 96 22.9 40.6 

12 144 31.9 4+3.8 

P. inter- 

punctella 25 2 168 9.5 28.5 

(FIELD 
STOCK) 4 288 ßp. 4 29.2 

10 600 13.7 51.5 

* Mortalities include deaths of 1st instar larvae 
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density, or on food contaminated with faecal material, were r bjocted to 

temperature drops from 25 or 30°C to short daylength at 20°C (table 23). 

Lowering the temperature for 3 weeks during development to 150C, which is near 

the threshold for development, caused 5 out of 84 insects to prolong the 

emergence at 25°C, but no larvae were observed in diapause. 

E. Nature 1 Autuiin Conditions 

i) Dinnnuse in Erhestin elutelln reared in outbuildinSs 

Emergence of adults in tanks kept in a slightly heated outbuilding ceased during 

October in 1970,1971 and 1972. In the building, the averages of daily mean 

temperatures during October in these years were 17.0,17.5 and 16.5°C respectively. 

Larvae of the laboratory stock sot up at 25 °C and moved a week after hatching to 

" an unheated outbuilding at various times during September, either died as larvae, 

developed as far as the pupal stage, or entered diapauce. A few adults appeared' 

during November in a deformed condition, but most pupae formed failed to complete 

develop: ncnt. There was no evidence of pupation occurring in parallel batches of 

the field stock, and the overall mortality was only half that obtained in the 

laboratory stock (table 211). 

ii) Diahause in Plodia interounctella reared in outbuildings 

Adult emergence in tanks ceased at the beginning of October in a slightly heated 

outbuilding in 1971 and 1972. In the buiidina, the averaged of daily mean 

temperatures during September in theac years wore 18.5 and 18.0°C reepoctivoly. 

Larvae of the laboratory and field stocks moved a week after egg, laying to rin 

unheated outbuilding during mid September either died or entered diopauco 

(table 211) . 
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F. Induction of Diahaue in Pieris brarricae, and B mbyx mori 

All larvae of Pieris brz^picae reared under an 8-hour daylength at 20°C gave 

rise to diapauaing pupae. All larvae reared under a 16-hour daylength at 250C 

gave rise to pupae that developed without an arrest. 

Diapause in the eggs of the univoitine race of Bombyx mori was averted by 

icwmersing first-day eggs in 6N hydrochloric acid for 6 minutes at 30°C. 

Mortality after treatment was less than 15%, and eggs hatched at 25°C in 11 

to 16 days. 

DURATION AND TERMINATION OF DI:. PAUSE 

Of the four Pyralid species, only Plodia interpunctella and Ephestia elutella 

entered diapause. The duration of diapause was generally shortened by exposure 

to long -rhotoperiods, by raising the temperature, or by exposure to low 

temperatures. For each ctock, the relative importance of each of these 

factors in terminating diapauco differed widely from one combination of 

experimental conditions to another. Diapause in E. olutella was much longer 

than in P. interpunctella and, in each species, was longer in the field stock 

than in the laboratory stock. The method of induction influenced the subsequent 

intensity of diapause under certain conditions. 

The diapauses of Pieris brassicae and Bombyx mori required extended periods of 

cold for rapid termination at 25°C. F'umiGation speeded the termination of 

diapause in P. brassicae and E. clutella. 

R 

A. Light and Constant Temperature 

The mean durations of diapause in E. elutella and P. intcrpunctella under all 
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TABLE 23e Atte_rjt5 to induce dicn_us- ir::: r., estia nute-1_ by vnxiour, 
Cori (; -itic of r,,... Y 
r.; ai . taincc uric er Pn ;, -r, our cav em-tu. ; ,. u i%o di. aoause 

OF URViz DAYS AT ý:.. º: ýY: G T42Licr+TUi 3 lý0. L. S CTS ii 
FIR g FOOD 

�j0°C . 
2 5°(: -> 20°C -> 15°C L. BATCH i-. ORTALITY 

6 - 7 5THY - 72 22. ß(1: D) 
Food comprised sed 

a 1: 1 food/faecal - 14 STAY - 72 27.8(i'D) 
pellet mixture) 

- 21 STAY - '12 25.0(P+D) 

6 10 0 STAY - 72 15-3( 1%"D) 

10 7 STAY - 72 16.70D) 

10 10 0 STAY - 120 22.5(i'D) 

6 10 0 21 21 96 16.7(1\D)* 
(then 

to 25°C) 

*5 insects prolonged the tail of the emergence by 2 or 3 weeks 
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i ii1E ? 4. Induction of di nnaune in hntr, hnn of Inn17o ti. s r1. vrt'i1ia and 
17- - YiU: ', i i 1nW rpu; , ictolla b' _ 

l: ýý BLZ c'1. PUL: conaition5 

SPECIES STOCK 
Did!; i.: OVLL 
TO i ATURAL 
C0.,! )ITIO., 5 

TOTAL 
1ýO. Its 
BATCH 

' 
I'iOP. TALITY 

j° 
DIAPAUSE 

E. elutella LABORATORY 26-71 288 20.1 79.2 

9.9.71 144 18.7 80.6 

16.9.71 288 20.8 79.2 

FIELD 2.9.71 288 10.4 89.6 

9.9.71 288 9.4 90.6 

16.9.71 144 12.5 87.5 

P. interpunc- LABORATORY 16.9.71 288 16.7 83.3 

tella 
FIELD 16.9.71 288 9.7 90 .3 
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light :: y:; temr testnA at (, nah tF? rperHiure p, r igitt n; thn induction of dia,. 'ucr,, 

are set out in table 25. The reaction of lnbomtory nna field ,; tocl s to 

temperature and light varied. In the field stock, of E. elutella, diapause 

lasted longer at 20°C than at 15°C. This waz not true of the laboratory 

stock in which diapause lasted longer in continual light at 15°C than at 20°C. 

At 25°C, very fewlirvae of the laboratory ntocko of either species entered 

diapause. In the field stocks, diapause was shorter at 25°C than at 15°C or 

20°C under all light systems tested. With a 16-hour daylength, the mean- 

duration of diapause at 25°C was in both species 1esn than a quarter the value 

at 20°C. Results at each test temperature are now considered in more detail. 

i) Ethestia elutella at 15°C' 

w 

At this temperature, the emergence of insects that had entered diapause was 

extremely protracted and mortality during diapause was high (fig. 28). In 

both stocks pupation occurred earlier, and was bettor synchronised, in con- 

tinual light than in darkness. Although differences were not significant at 

the 55% level, it was observed that the duration of diapauce was a little less 

in the laboratory stock than in the field stock under both lighting conditions. 

The mean duration of diapauce and standard deviation in continual light wan 

171 + 36 days in the laboratory stock and 195 + 69 days for the field stock 

and, under darkness, 253 167 and 282 + 87 days roapoctively. Batches in 

which distribution of pupation times failed the test for normality (cf. Ptethods 

Section 3. C. iv) were reanalysed omitting late atragglers. Recalculated 

means and &4-R rd- 3. D. 's wore 187 + 33 days for the field stock in continual 

light and, in darkness, 251 + 50 days, and 270 + 63 dzyo, for lrboratory and 

1 field stocks respectively. 

ii) Epheütia elutella at 20°C 

A3 vary few individuals of the laboratory stock entered diapause at 20°C under 

16 or 24-hour daylcngth3, botcher, werd coved to tl1r; -(: con: ition^ from an S-fir 
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day1onpth on the first day adults were seen. 

ia, ergcnce under all lighting systems tested at 20°C was extremely protracted 

(table 26), and in darkness the average duration of diapauso was longer than at 

150C. Results with an 8-hour dnylength at 200C closely resembled those for 

darkness, but with a 16-hour daylength, or continual light, dlnpntme was 

terminated at a faster rate. The effect was more marked in the lnborntory 

stock than in the field stock. 

iii) Flodia interpunctella at 20°C 

Results for P. interrunctella at 20°C did not closely ro: cmblo those for 

2. elutella. In both stocks emergence was more delayed, and mortality was 

higher, in darkness than in the presence of light (table 27). A 16-hour 

daylenGth was more effective than an 8-hour, or a 24-hour daylength in 

synchronising emergence. Under ull conditions tested, the duration of 

diapause was less in the laboratory stock than in the field stock. 

iv) Field stocks of Ethestia elutella and Plodia interpunctella at 25 0C 

In both species, diapause was terminated most rapidly at 250C under a 16-hour 

daylength (table 28). Apart from a few stragglers, about three months were 

sufficient for pupation in E. elutella and about 6 weeks were sufficient for 

F. interpunctella. In the batch of F. interrunctella under a 16-hour daylength, 

pupation was assessed daily for the first 7 weeks. Continual light was more 

effective than an 8 or 13-hour daylength in reducing the duration of diapause 

in E. elutella, while in P. interpunctella diapause lasted a little longer under 

continual light than under an 8-hour daylength, the means being significantly 

different at the 5% level. The distribution of pupation times was often 

extended by a long tail of late stragglers. 
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TABLE 25. Effect of tcmpcrature and daylength on the mean time (drye) 

between ceps tion of feeding .. nd pupation in di_ au$ing larvae 

STOCK 

LAB. 

FIELD 

HR LIGHT 

PER DAY 

0 

8 

16 

24 

0 

8 

13 

16 

24 

Enhestia elutella 

15°C 20°C 25°C 30°C 

253 254 -- 

- 253 -- 

- 137 -- 
171 148 -- 

282 301 231 87 

- 286 204 - 

-- 206 - 

- 237 55 51 

195 233 114 - 

riodia interrunctella 

20°c 25°C 

79 - 

56 - 
47 - 
62 - 

108 76 

73 69 

68 15 

89 83 
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0 

Fig. 28. 

4 

Times for pupation of diapausing larvae of laboratory 

(L) and field (F) stocks of Ephestia elutella in light 

and darkness at 150 C. (Mortality was 40 and 301% in 

continual light, and 36 and 1+4% in darkness in 

L and F stocks respectively). 

0 
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T'LLL 26. Day$ required for nup"3tion of di. nprnming 11rvne of 

Ethostia elutella under v;, riouc licht conditions at 200 c 

(based on crnmtn performed at least three timen a week) 

HOURS N. IN ° RANGE OF MEAN j TD 50!, MIN . RANGE 
STOCK LIGHT 1101T- FUI, I, - 'C -q 

80, *t', 
F: R DAY B . TCH I LITY YUF', i'i'ICt1S S. D. yION rUTlli rIoN 

LAB 0 44 32 ? 7-; 08 251+ + 64 252 190-318 
8 63 30 88-471 253 + 6o 248 190-310 

16 49* 29 49-301 137 ± 40 ' 136 1o4-185 

24 33* 27 57-275 148 + 34 142 93-198 

FIELD 0 60 35 159-536 301 + 88 284 194-419 

8 52 33 135-507 286 + 85 269 183-400 

16 61 28 110-463 237 + 66 229 173-313 

24 67 31 119-495 233 + 62 226 181-322 
Diapause firstly induced under an 8-hour doylength at 20°0 

i 
a 
r 
9 
a 4 
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TL; BLE 27. Days required for pupoti. on of diarausinrp larynd of 

Plodia inter-nunctella under various 1ichtinr- conditions 

at 20 0C (based on counts porforned at lecst thrio times 

a meek) 

STOCK 
HCiTRS 
LIGHT 
PER DAY 

110. IN 
BATCH 

90, 
MORT. "z 

-ITY 

RANGE OF 
PUP A TIONS 

MEAN AND 

S. D. 
501,110, 
fur *+- 
ZION 

HIN. RANGE 
FOR NX., 
ILP. TION 

LAB 0 46 48 34-115 79 ± 25 84 38-103 

8 76 26 17-106 56 + 21 49 38-94 

16 33* 15 15-91 47 + 19 43 22-73 

24 40# 20 21-109 62 + 23 56 32-94 

FIELD 0 52 25 41-244 108 + 51 101 52-190 

8 60 8 41-162 73 + 28 59 49-120 

16 50* 6 36-169 68 + 22 57 40-92 

24 37' 8 38-169 89 + 37 ?8 46-144 

* Diapause fi rstly induced under an 8-hour dv. yl ength at o 20 C 
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TABLE 28. Davsrerniired for ruration of dinpau sinZ 1r. rva e of 

; 7, uhe3tia clutella and Ilodia interwunctella under 

vr: rious light conditions at 2>°C (based on counts 

porformed at least three times a week) 

SPECIES 
HOURS 
LIGHT 
PER DAY 

nr 'ýf lý1 D NO. IN R1ýNGE OF I S'" 
I; ORTr L BATCH 

-TTY 
PUPT TIOIlS S. D. 

50` 
pur-i. - 
TIOI3 

MIN. : ýlý`1t3S 
FOR 80'' 
I=UP, IOIN 

E'PHESTIA 0 87 48* 94-454 231 + 73 223 148-316 

(FIELD 8 59 32 86-369 204 + 72 197 124-301 

STOCK) 13 59 36 85-375 206 + 75 198 121-302 

16 65" 6 18-201 55 + 29 49 26-78 

clean and S. D. recalculated 
ignoring last 3 stragglers: 

53 ± 22 
24 46" 33 46-278 114 + 50 112 72-177 

PLODIA 0 48 18 18-207 76 ± 32 72 33-102 

(FIELD 8 61 12 7-159 69 + 26 66 31-97 

STOCK) 16 43' 5 5-54 15 ± 8 12 8-20 

Mean and '. D. recalculated 
ignoring last 3 stragglers; 

13 + 5 

24 34 12 30-176 83 ± 31 78 51-122 

Diapause firstly induced under short daylength at 25°C 

4 
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if, The fit? iýl' o Qi , nl ertiy P1UtE'1Iri at 00C 

At 300C, no diapause occurred in either of the stocks of P. "nterrunctolla, 

or in the laboratory stock of E- PlutPzlft. In the field stock. Of ý. cluteil<ý 

(fig. 29), diapauce induced at 30°C ended rapidly under a 16-hour photoveriod, 

but was slow to terminate in darkness. The ;. iean and standar: 1 S. D. for the 

duration of diapause in darkness, was 87 + 27 days, and under the 16-hour 

photoperiod was 51 + 22 days. 

B. Light and Tem, erature Increases 

After an increase in temperature, the termination of diapause was hastened in 

all stocks. The effect of the temperature rise itself on batches of the field 

stock was found by comparison of the duration of diapause in samples reared 

continuously at the temperature to which the batches were raised. In 

E. elutella, no differences in the duration of diapause at 25 0 or 30°C caused 

by a temperature rise wore significant at the Sig level. In P. interpunctella, 

a temperature rise proved instrumental in terminating diapause at 250C under 

all light systems tested. Results for each species arc now considered in more 

detail. 

i)Ephestia elutella 

For experiiento on temperature rises, both stocks were reared under an 8-hour 

d}rlength at 20°C. In both stocks, a 5°C rise to darkness at 25°C reduced the 

mean duration of diapause, but achieved no more synchronisation of pupation than 

switching to a 16-hour daylength at 20°C (tables 29 and 30). A 10°C rise to 

darkness at 30 °C reduced diapause duration to a greEter extent, but was not so 

effective in synchronising emergence as a temperature rise of 5°C to a 16-hour 

daylength at 25°C. In the laboratory stock, but not in the field stock, 

continual light at 25°C was almost as offectiv° as a 16-hour daylength in 

terminating diapause. The duration of diapauye in both stocks was rcduced to 

a minimum in batches raised 10°C to a 16-hour daylength at 30°C. 

In the field stock, the duration of diapause in batcheo rained 5°C to a 16-hour 

daylongth or continual ]. iaht at C. 3°C (table 30), wao a little losü than in 
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b3tchec reared contiruounly at 250C (table 23). Under continual t'. i' 

duration of diapause was short in soie individuals experiencing a5C . -iso, and 

the total range for pupation tir; ems was gro-iter than in batches reared contin- 

ously in darkness at 25 °C. Co"iparing sales lifted 10°C to 30°C, with those 

reared continuously at 30°C, revealed only slight differences ir, the duration 

of diapause. No differences caused by a tenperature rise were found to be 

significant at the 5;. level, firs-. 1y because of the very wine srat: dar: i errors 

resulting from a general lack of synchronisation in pupation time, and secondly 

because of the very small differences in mean pupation time occurring between 

sarples exposed to a 16-hour daylength, the only light condition affording a 

reasonable amount of synchronisation. 

ii) Plodiainterpunctella 

For experiments on temperature rises, dispause in P. internunctelln was induced 

in darkness at 20°C. Although diapause in P. interounctella was of Tuch shorter 

duration than in E. eluteila, the overall pattern of responso in the two 

laboratory stocks was similar. Long daylength at high temperature proved the 

most powerful sticulus for the termination of diapause (table 31). A 10°C rise 

to a 16-hour daylength at 30°C terminated diapause moot rapidly. -Exposure to 

only four 16-hour photoperiods at 25°C greatly reduced the duration of diapause 

in larvae of the laboratory stock in darkness at 20°C. Darkness at 30°C was 

less effective than a 16 or 24-hour daylength at 25°C in terminating diapause 

(p = <0.001). 

In contrast with the results 

stock of P. inter, unctella a 

hastening the termination of 

(table 32). Batches brought 

the time required by equivali 

32). 

for the field stock of E. elutel. la, in the field 

temperature rise of 5°C proved instrumental in 

diapauce under all the light conditions tested 

to 25°C from 20°C completed pupation in about half 

ant batches reared continuously at 25°C (tables 28, 

The most notable difference between laboratory and field otockc occurred in the 
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0 

Fig. 29. Effect of a 16-hour dnylength on the time before 

pupation at 30°C in diapaucing larvae of 

Epheetia elutella (field stock). (Mortality in darkness 

was 22%, and under the 16-hour daylength was 9iß). 
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TABE 29. ''rho^týý'z elutelln 1, - 

1i L: htinT conditions for pupation of di7nzu,, it: r lnrvnc cud wc< tcc to 

ß and 10°C rues fror? an 8-hour drýý1c*> th nt "0_ rfb º^eci 

performed at least three times n week). 

1Lh1Y. TEMP. 
RISE 

oC 
LIGHT 

PER DAY 

NO. IN 
BATCH 1.: ORT- 

ALITY 

RANGE S OF 
PUPATION, `, 

IMA N AID 

3. D. i"ui - 
TIGN 

RANG;. 
zul ß0;, 
1 I.; PA'TICN 

0 8 63 30 88 - 471 253 + 60 248 190 - 310 

16 49 29 49 - 301 137 + 40 136 104 - 185 

5 0 56 27 25 - 321 83 + 58 69 25 - 120 

I4enn and . D. recalculated 
icnorinc last 3 stragglers : 81 + 35 

16 195 8 13 - 67 38 ± 10 38 22 - 49 

24 44 9 19 - 83 39 + 13 36 23 - 51 

10 0 59 25 7- 107 32 + 211 26 13 - 49 

Mean and S. D. recalculated 
ignoring last 4 stragGlers : 29 ± 12 

16 45 22 9- 49 24 + 7 25 17 - 34 
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TAE7 30. -'iýhe: tiC e1utellr (field tack). L^vý rcnuý red ±ird'i 7, v , r:. (: ) 

]. iaht c ions for punation of dinj rmr7 r., lrnrvne r�h'ectcc1 

to 5 rind 10°C riser fro: nn s-hour dný, lcnrth nt 20°C (b ed 

on countn performed at levnt three timen a week). 

TEMP. 
RISE 

oC 

HOURS 
LIGHT 

PER DAY 

NO. IN 
BATCH MORI- 

ALITY 

RAS+G? , OF 
YUPATTO: JS 

I ; AN AND 

S. D. 

50ý 
rlUppl- 
T10: 4 

MIN. RAN(; E 
FOfl &, , 
PUPAT1014 

o 8 52 33 135 - 507 286 + 85 269 183 - 400 

16 56 25 118 - 482 238 + 51 229 186 - 308 

5 0 50 30 50 - 431 202 + 99 195 55 - 29' 

16 232 ß 19 - 217 53 + 26 48 29 - 76 

Mean and S. D. recalculated 
igno rinG last 7 stragglers : 51 + 20 

24 47 38 28 - 255 105 + 46 100 64 - 142 

Mean and S. D. recalculated 
ignoring last straggler : 101 1 3? 

10 0 42 19 13 - 206 83 + ho 84 28 - 114 

16 45 16 15 - 1o4 48 + 17 46 29 - 64 
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ipüýLL' ý1 
" 

ý. odlin 
_7. 

T1 (. 'Týr, uýctel. lr; LL-11 t ,) 
C%ito ock) . 1,; '. ßr TCf! '11 1 f?; ýifý1ý ` 

yariou; -ý 1i. ~ht conrlitics for -, im7tion o" Oim., tt^i ? .,. -^ 

r, ub: ectc to 5 and 10°C rice;. : rcýý d zr2: rec at 20°C (bc= rý on 

30°C, and at least thrc e tirr: r, counts performed daily at-2 5°C or 

a Week at 200C). 

TEMP. 
RISE 

oC 

HOURS 
LIGHT 

PER DAY 

NO. IN 
BATCH 

9j, 
MORT- 
ALITY 

RANGE OF 
11UPATTGIvS 

ITAN AND 

S. D. 

5O 
PUP A- 
TICN 

Ian. PANNGE 
FOP 80, 

PUPATION 

o 0 46 48 34 - 115 79 + 25 84 38 - 103 

*5 16 44 18 3- 112 32 + 22 29 3- 54 

5 0 50 22 8- 52 27 + 10 24 16 - 42 

5 16 82 12 3- 21 9.4 + 4.2 9 3- 14 

5 24 36 6 4- 20 9.3 + 3.9 9 It - 14 

10 0 38 11 9- 24 13 +3 12 10 - 17 

10 16 35 3 3- 11 5.2 + 1.5 5 4-7 

* J: ept at 25°C, 16 hr 1iiht, for It days only, then returned to 
darkness at 20°C. 
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TABLE 32. Plodih i. nterrunctell. i (field dock). Dnys, re eck undler vnr otln 

li ht conRitions for t)urntion of dinnnuf, inr Thrvae , ub'ectcd to 

wand 10°C rises from dnrknr, r: c cat 20 C (bvsed on counts ; nrforrc, r', 

daily at 2.5 or 3O°C, and nt least three times n week at 20°C) . 

TEMP. 
RISE 

0C 

HOURS 
LIGHT 

PLR DAY 

NO. IN 
BATCH 

'' ý' 
KORT- 
ALITY 

RANGE OF 
PUPATIONS 

IAN AND 

S. D. 

5Ci 
PU2A- 
TION 

1', 1N. RANG:; 
FOR 80; ý 
PUPATION 

0 0 52 25 41 - 244 108 + 51 101 52 - 190 

5 0 46 77- 105 30 + 22 17 7- 42 

Mean and S...: recalculated 
ignoring last 5 ctra-Slerc : 23 + 12 

16 49 45- 21 10 + 3 9 7- 14 

24 43 95- 91 30, t 24 18 ?- 49 

Mean and S.:. recalculated 
ignoring last 3 stragglers : 25 + 17 

10 0 47 15 4- 28 12 + 6 11 5- 16 

Mean and S. _, recalculated 
ignoring last straggler : 12 + 5 

16 41 53- 12 6.3 + 1.7 6 4- 8 
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duration of diapause of batches raised to continual licht at 21°C. In the 

field stock , the result was similar to raising to continual darkness at 

° 25C, while in the laboratory stock, the result was sir-ilar to raising to a 

16-hour day length. 

C. Method of Inducinrr Dis-hause 

iý Ver ous nonu1atior densities; in the fiel c3 :: '; o^? of ? adin internunctel. la 

Histograms of the pupation occurring each weck in batches reared at 2 larva. 

densities in darkness at 250C, after moving to a 16-hour dsylength, are shown 

in fig. 30. Based on observations made at least three times a week, the mean 

and a4andar4- S., D. of the time required for pupation was 14 +7 dayo for both- 

groups. 

ii}Different combinations of te! ruerature and light in the field stock of 

Plod1a intertiunctella 

Diapause. 
-induced at 25°C was of greater duration at 25°C than diapause 

induced at 20°C (table 33). Iý4over: ient to a 16-hour da;, ri cnýth at 25°C term- 

inated diapause more rapidly, and synchronised emergence better, jr. sa'nples 

"reared in darkness at 20 °C than in those reared in darkness at 25°C (p 

<0.001). Large standard errors reduced the significance of difference 

between samples reared under 8-hour daylengths at the two to peratures, but 

a'p'value of <0.01 was obtained when ntra glers requiring over twice the 

first calculated mean time for pupation were omitted. No significant dif- 

ference existed under the 16-hour daylength at ? 
_5oC 

between the means cal-, 

culnted for sariplcs reared under an 8-hour da. ylcngth or in darkness at 

either 20 or 250C. 

L, darkness, the mean duration of diapausc in the sample reared and held at 

20 C was significantly longer than in samples reared at 20°C, and which 

experienced a temperature rice (p = <0.001). Of the býýtches transferred to 



a 1c-nou_r da; tlengtn at 20°C, the batcn subjected to a 10°C drop fr"o,: 30°C 

took significantly longer than other batches to pupate (p = (0.01). Because 

of the low nuibors of insects entering diapause under a 16-hour daylength 

at 200C, even after a 100C tecrerature drop, the size of this batch was 

small. 

It was noted that of larvae reared at 2C°C, in all test; those reared under 

an 8-hour daylength consistently had slightly longer mean pupation times 

than those reared in darkness. Under a 16-hour daylength at 20°C, the 

difference was significant (p = (0.05). 

iii. )Different combinations of terberature and licht in the laboratory stock 

of P. interpunctella 

The durations of diapause under a 16-hour daylength at 25 °C of groups reared 

in an 8-hour daylength at. 20°C after 6 or 15 days from egg laying at 2,5°C, 

or in darkness at 20°C after 15 days at 25°C, were very similar (fig. 31). 

The means and -4 S. D: s for the duration of diapause in the three groups 

at 25°C under a 16-hour daylength was as follows: 

15 days at 25°C9 then 20°C dark : 9.5 * 4.2 days 

15 days at 25°C, then 20°C 8 hr light 9.6 + 4.3 days 

6 days at 25°C then 20°C 8 hr light : 9.7. t 4.0 days 

iv)Li ht and temperature in the field stock of Enheatia elutella 

Batches of diapausing larvae*were prepared under an 8-hour or 16-hour day- 

length, or in darkness at 20 00, 
and under a 13-hour daylength at 25°C. 

Pupation under a 16-hour daylength at 25°C was mostly highly synchronised 

in the batch reared at 20°C in darkness, and was completed by the 16th weck 

(fig. 32). In other groups, pupation was not completed until between the 

27th and 31st weeks. A comparison of mean pupation tires in all groups 
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Fig. 30. Pupation under a 16-hour daylcngth at 250C of 

diapausing larvae of Plodia interpunctella (field 

stock) prepared in darkness at 25°C, at 2 

population densities. (Mortality after entering 

diapause was less than 40% in both groups). 

I 
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TAI3LE 33. Plodjr iter.. i ctel1. n! (. fi(, I. d rt-OC? il. :..? 
Or 

undcr u 16-lic;; ýr ria; ". 1;, f)r at 2; `'t; : r: d: ur; ", i,: 

tiori3 (br-ed on Chun s 

three time:. a week. tit 20°C). 

I EA19D Al MOVED TO 
NO. 

l 
IYG1, 1'ii, A1I 

l' "ii ,.. ," 
r(} ' :.. 

" 
ýi1. 

i 1 
_. 

IN I. 10RT- OF I-UpA- S. D. ii . -i I'GR 
=tIP. LIGHT C:: iiP. LIGH,, BATCH ALITY TIO14S '21 UN, PUPIA'. ýI Ali HP/DA 00 HR/�i. 

1t 

20 0 25 16 49 45- 21 10 +3 7- 14 

8 48 45- 58 13 +9 10 7- 18 

]Mean and S. D. recal- 
culated ä Gnorinß 
last 2 stragglers : 11 +5 

25 0 62 3 5- 41 14 +7 12 8- 19 

1-loan and S. . recal- 
culated ignoring 
last 1+ stragglers : 13 ±5 

8 43 2 15 
- 54 

L 
15 +8 12 8- 20 

S d . D. recal- Mean 
culated icnorinc 
last 3 traGClers : 14 +5 

20 0 25 0 46 77- 105 30 + 22 17 7-1i2 

Mean and s. D. recnl- 
culated ignoring 
last 5 strr, ;; 1err : 2; + 12 

8 47 4 5-2011 33+49 15 5- 49 

Mean and S. D. recal- 
culated ignoring 
last 7 streCSlers : 19 + 14 

25 0 48 19 16 - 207 76 + 32 72 33 - 102 

20 0 20 16 51 6 39 - 128 60 + 16 54 48 - 78 

Mean and S. D. Recal- 
culated icnorinL 
last strangler: 58 + 12 

8 50 6 36 - 169 68 + 22 57 40 - 92 
20* 16 24 4 16 - 182 89 + 33 2 60 - 112 

Mean 
Jtnd 

S. D. rocril- 
culated i gn ori:: z 
last straggler: 86 + 26 

* Batch dropped to 200C after a week at 30UC" 
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4 

Fig. 31. Effect of temperature and light conditions 

during rearing on the pupation time of diapausing 

. larvae of Plodia interpunctella (laboratory stock) 

under a 16-hour daylength at 250 C. (Mortality 

after entering diapause was less than 8% in all 

groups). 

a. 15 days at 25°C, then 20°C, dark. 

b. 15 days at 25°C, then 20°C, 8-hour daylength. 

co 6 days at 25°C, then 20°C, 8-hour daylength. 

S 
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f 

Fig. 32. Effect of temperature and light conditions 

during rearing on the pupation time of diapausing 

larvae of Ephostia elutella (field stock) under a 

16-hour daylength at 250C. (Mortality after 

entering diapause was less than 10% in all 

groups). 
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revealed a significance of difference at the 25'% level between the sa°'ple 

reared in darkness at 20°C and any of the other groups. The reans 

and- S. D. 's for pupation in the four groups under the 16-hour 

daylength at 27°C ýýas as oJ. lown: - 

25 °C, 13 hours lieht 58 ± 31 days 

20°C, darkness 

20 00,8 hours light 

20°C, 16 hours light 

45 ±13 days 

53±26 days 

55±29 days 

In all batches other than the one reared in darkness at 200C means 

. and S. D. 's were recalculated o. xitting pupations occurring beyond the 

time equal to twice the first calculated mean. The recalculated results 

were as follcws: - 

2$°C, 13 hours light 52 + 20 days 

20°C, 8 hours light : 51 + 20 dr: ýys 

20°C, 16 hours light : 49 ± 15 days 

A comparison of the recalculated means for these batches with the batch 

reared at 20°C in darkness, revealed that differences remained significant 

at the 2% level for the batches reared under an 8-hour daylength at 20°C, ' 

or a 13-hour daylenjth at 20°C. In the batch reared under a 16-hour day- 

length at 20°C, the significant of difference was reduced to between 5 and 

10%. The number of insects present in this batch was, however, lower than 

in the others. 
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v) Vnriaun light conditions in the ]aborntory stock of. F. ýlýr., itiý7 rlutr. 7. la 

At 20°C, batches of diapausing larvae were prepared in darknocs, under an 

8-hour daylength, and under a daylcngth progressively shortening from 12 hour., 

by 4 minutes a day. The duration of diapauce in each batch under a 16-hour 

daylength at 25°C, as assessed by cumznating the number of pupae appearing each 

week, in illustrated in fig. 33. The means and nd S. D. 's for the times 

required for pupation in each batch, calculated from observations made three 

times a week, were as follows: 

20°C, daylength shortening from 12 hours : 39 ± 12 days 

20°C, daylength 8 hours 35 ± 10 days 

20°C, darkness 33 ± 10 days 

No significant difference was found between the means of the latter-two groups, 

but in both of these, the duration of diapau: o was significantly shorter 

ýp 1-2%) than in the group reared under a shortening dnylength. 

vi) Different humidities in Ephestin plute11a 

Accumulative curves of pupation in batches of the laboratory and field stocks 

of E. elutella reared and maintained at 25 and 70% RH under continual light at 

15°C1 are illustrated in fig. 34. High mortality during early development in 

batches of the laboratory stock, (table 19) greatly reduced the number of 

insects that subsequently entered diapause. At 25% RH, only 5 insects developed 

to the adult stage, three of which did so after entering diapauce. All 

insects of the field stock that subsequently completed development at 15°C, 

entered diapauce. In the calculation of mean pupation times for the field stock 

batches, the start of diapause was taken as the first day an adult of the 

laboratory stock was seen. This was 137 days after oviposition and 121 days 

before the first pupation in batches of the field stock. At 70% RH, the mean 

pupation time for the field stock was 196 ± 45 days, and at 259 RH, war, 2225t65 days. 

If, however, the start of diapause at 25% RH was taken as the date for the 

first emergence of the laboratory stock at this humidity, the mean pupation time 
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Fig. 33. Effect of light conditions during rearing at 20°C 

on the pupation time of diapausing larvae of Ephestia 

elutella (laboratory stock) under a 16-hour daylength 

at 25 0 C. (Mortality in all groups was less than 10c4 
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0 

Fig. 34. Induction and duration of diapause in laboratory 

(L) and field (F) stocks of Ephestia elutella at 

25 and 70% RH in continual light at 15°C. 
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war, lowered to 185 + 65 days. It ha. been shown (Section 1. A. iii, table 5) that 

development at 15°C proceeds slower at lower humidity, and results accessed from 

the later date are likely to be tho more accurate. 

D. Time Already Spent in Dingaule 

i) Enhes-tia elutella 

In the field stock, but not in the laboratory stock, holding in diap3use for 

increasing lengths of time under an 8-hour daylength at 20°C progressively 

reduced the time required for pupation under a 16-hour daylength at 25°C (table 

34). A batch of the laboratory stock held for about 3 months after entry into 

diapauce, required a 1onCer exposure at 25 °C to terminate diapauce than batches 

held for shorter periods of time. However, after 17-18 weeks at ? _J°C, the mean 

pupation time at 25°C was significantly less than in all other zamplcs(p-<0.01). 

In both stocks, increasing exposure to 20°C progressively increased the 

synchronisation of pupation times at 25°C. 
0 

ii) Plodia interounctella 

An in E. elutella, samples held for extra periods of time at 20°C, pupated 

sooner under long daylength at 25°C than control batches (table 35). In the 

laboratory stock, an extra 10 weeks, in darkness at 20°C was significantly more 

effective in synchronising and hastening the termination of diapause at 25°C 

than 6-week exposures at 200C in darkness or under an 8-hour daylength 

(p = 0.01.0.05). In the field stock, an extra 6 weeks at 20°C under an 8-hour 

dnylength significantly reduced the duration of diapause at 25°C (p -<0.01). A 

long tail of late pupatione in the field stock batches gave rise to wide 

standard errors, and means were recalculated au described in previous sections. 

E. Low Temperature 

i) Plodia internunctelln (laboratory stock) 

Samples reared under an 8-hour daylongth at 20°C were maintained in darkness 

for selected periods at 2 . 5,7.5,10 and 150C, anti reriult8 for the duration of 
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dinpauco under a 16-hour daylength nt 25°C, are rummariced in tAble 36. In 

general, a period at ]. ow temperature tended to hasten and nynchronice emergence 

after return to 25°C. A six-weck expouure to 10°C or below, cynchroninF: d and 

hastened diapause termination more effectively than a 2-weck exposure, or no 

exposure to low temperature at all (p = <0.05). Also, mean pupation timer, c+fter 

6-week exposures to 2.5 or 10°C, were significantly shorter than after a 6-week 

exposure to 20°C (p = <0.05). The duration of diapause was longest after 6 or 

10-week exposures to 15°C, but there was no significant difference at the 5% kvi 

from results for the sample moved straight to 25 °C. 

ii) Plodia interpunctelln (field stock) 

Batches of larvae reared at 20°C in darkness (table 37), or under an 8-hour 

daylength (table 38), were exposed to low temperature for selected periods. As 

in the laboratory stock, periods at low temperature hastened pupation st 25°C. 

In darkness, samples returned to 250C after a 10-week exposure at 100C pupated 

much more rapidly than samples raised to 250C without a chilling period (tablo j7) 

ýp =S0.001). Even more notable war, the increase in pupation rate in darkness 

at 20°C after 10 weeks at 10°C, the total ranee of pupation timen reducing from 

41-21+4 days to 13_74 days. 

Sampler. reared under an 8-hour daylength at 20°C responded similarly to stnple^ 

reared in darkness when returned to darkness at 25°C after 10 weeks at 10°C. 

Larvae returned after chilling to long daylength at 20°C showed a high degree of 

nynchronination in pupating, and although the mean pupation time wa3 not 

significantly different from the batch returned to darknecc at 25 C, it was 

concluded that long daylength was more effective than increaced temperature in 

terminating diapause after exposure to cold. 

Of the samples returned to a 16-hour dsylength at 25°C, 6 and 10-week exposures 

to 10°C proved equally effective in reducing mean pupation time and cynchronir- 

ing eraorgence. A 2-week exposure at 100C, however, gave results for pupation rata 
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TABLE 34. Days r couired for rurntion at 25 °C. under P 10-hour dnvlenvth_ of 

dine: usinilarvae of Eohestie elutell. e held under an 8-hour dnylenr; th 

at 2O0C for various 1enrths of time after induction (bared on counts 

uerformed three times a week). 

STOCK VlEEKS NO. IN % t; GE 2-7, AN. AA'D 50, MIN. RANGE 

AT BATCH MORTAL OF S. D. PUP;, - FUR 80% 

20°C -ITY PUPA- TION PUPATION 

TIONS 

LAB 3-4 114 7 16-67 39 ± 11 39 23-52 

7-8 81 9 13-61 37 + 10 36 22-49 

12-13 6o 8 23-65 46 ± 8 45 37-58 

17-18 61 15 8-57 32 + 8 31 21-42 

FIELD 3-4 149 7 25-217 57 ± 27 52 31-76 

Mean and S. D. recalculated 
5 

ignoring last\atraeglers 54 + 20 

7-8 83 10 19-164 49 ± 25 43 26-71 

Mean and S. D. recalculated 

irnoring last 2 stragglers : 48 + 20 

14-15 73 11 22-127 45 
.t 

17 40 29-57 
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TABLE 35. Days required for u ation under n 16-hour do lenr*th nt 2 °C of 

din aur, in inrvne of Plodin interminctciip held in rdnrkner�, or under 

on 8-hour dnvlenrth rat 20°C for selected period: (bared onn daily 

countn). 

STOCK 
. 

EXTRA NO. IN % RANGE OF MEAN A}D 50; ̀6 MIN. IL1; NGE 

WEEKS BATCH MORTAL PUPATIONS S. D. PUPA- FDR 80% 

AT 200C -I`i'Y TION PUPATION 

LAB 0 68 7 3-26 9.9 j- 5.1 9 5-16 

6 (DARic) 51 12 2-20 9.5 ± 4.4 9 4-15 

10 (DARK) 33 9 2-15 7.5± 3.0 7 4-12 

6(8 HR L) 42 10 3-14 9.1 + 2.7 10 6-12 

FIELD 0 48 4 5-58 13.1 ± 9.0 10 7-18 

Mean and S. D. recalculated 

ignoring last 2 stragglers 12.2 + 5.3 

6(8 HR L) 54 4 2-34 8.5 . 5.9 

Mean and S. D. recalculated 

ignoring last 3 stragglers : 7.5 ± 4.1 

? 4-15 

S 
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t)- TABLE 36. Days required nt ? 50C under n hour y1 path for pupation 

of dinnnusinr, larvae of Plodin interniinetell n (lnborntorv stogy 

held for selected oeriodn nt low temrerntures in dnrknecs (bnscd 

on daily counts) 

EXPOSURE: 

TEt4P. TIME 
0C wm 

2.5 6 

7.5 6 

10 2 

6 

15 6 

10 

20 6 

STRAIGHT M 25°C 

NO. IN RANGE, OF 14EAN AND 50% 141N. RANGE 

BATCH MORTAL PUPATIONS S. D. PUPA- FOR $0Z 

-ITY TION PUPATION 

49 4 4-20 7.7 ± 3.4 7 5-12 

48 8 5-22 8.1 + 3.5 7 5-12 

64 11 4-25 10.2 + 4.8 10 6-16 

42 5 5-17 7.6 + 2.8 7 5-11 

43 21 5-25 10.6 + 5.5 10 5-19 

58 21 4-21 10-9. t 5.3 11 5-17 

51 12 2-20 9.5 ± 1+. 4 9 4-15 

68 7 3-26 9.9. t 5.1 9 5-16 
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TABLE 37. Don required for u ration to d, rirkness of d(n nurin lnrvn(, of Plociin 

Enter unctelln field stock) re rr. d in dnrkne .s nt 20°C chowin the 

effect of exposure to 100C for 10 weeks (br+sed on counts performed 

daily for first 4 weeks, and thereafter nt lest three times a week). 

EXPOSURE: AFTER NO. IN % RANGE MEAN AND 50% MIN. RANGE 

TEMP. TIME EXPOSURE BATCH MORTAL OF PUPA S. D. PUPA FOR ä0; ö 

0C WEECS KEPT AT: -ITY -TIONS -TION PUPATION 

10 10 25°c 41 5 7-39 15 +7 12 10-21 
DARK Mean and S. D. recalculated 

ignoring last 2 stragglers : 13 +5 

STRAIGHT TO 25°C 46 7 7-105 30 + 22 17 7-42 
DARK Mean and S. D. recalculated 

ignoring last 5 stragglers : 23 
.t 

12 

10 10 20°C 45 18 13-74 31 + 15 25 15-46 
DARK 

REMAIN AT 20°C 52 25 
. 

41-244 108 + 51 101 52-190 
DARR 
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TABLE 38. Plodin interpunctelln (field stock). _Diyn reautred under selected 

temneritures and 1i: ht conditßonn for nunntion of dinrnunin? 1nrvae 

reared under an 8-hour dnvlenC-t1L at 20°C find exnoced to low temnern- 

tures for selected periods of time (based on counts rerformed dnil fv: 

first 4 weeks, and thereafter nt lenst three times n week). 

EXPOSURE: AFTER NO. IN RANGE OF MEAN AND 50°o' MIN. RANGE 

TEMP. TIME EXPOSURE BATCH MORTAL PUPATIONS S. D. PUPA FOR 80% 
0C WEEKS IKEPT AT: -ITY -TION PUPATION 

10 2 25°C 69 6 5-56 14 + 10 12 6-20 
16 HR L Mean and S. D. recalculated 

ignoring last 3 stragglers ; 13 1 6 

6 42 0 5-14 7.3 ± 2.2 7 5-10 

10 45 9 5-13 7.3 + 2.3 7 5-11 

15 6 44 7 5-28 8.1 + 4.0 7 5-10 
Mean and S. D. recalculated ! 

ignoring last 2 stragglers : 7.4 + 2.0 

20 6 54 It 2-34 8.5 + 5.9 7 4-15 
Mean and S. D. recalculated 

ignoring last 3 stragglers 7.5 ± 4.1 

STRAIGHT TO 25°C 48 4 5-58 13 t 9 10 7-18 
16 HR L Mean and S. D. recalculated 

. 

ignoring laut 2 stragglers 12 1 5 

10 10 25°C 46 15 7-35 15 ± 6 14 9-21 
DARK 

STRAIGHT TO 25°c 47 4 5-204 38 ± 49 15 5-49 
DARK Mean and S. D. recalculated + 

ignoring last 7 stragglers : 19 t 14 

10 10 20°C 44 0 10-25 14 + 3 13 12-18 
16 HR L 

STRAIGHT TO 20°C 50 6 36-169 68 + 22 57 40-92 
16HRL 
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similar to unchilled na'nplec. In contract with the laboratory etock, 6-week 

exposures to 15 or 20°C were not significantly difforerit fror a eimil;. ýr expo- 

. eure to 10°C in reducing mean pupation time, although 
. 
the rangen of pulp: itwon 

times were much Greater. yangcu were greatly extcnaed by 2 or 3 individual& 

in each batcl' requiring auch longer periods for pupation. 

iii) Ephestia elutella (laboratory stock) 

Larvae were reared under an 8-hour daylength at 200C, and after expocure to 

low temperature were placed under a 16-hour daylength at 20 or 250 G. As in 

P. interpunctella, samples exposed to low temperatures in general showed an 

increase in synchronisation of pupation, and a reduction in the duration of 

diapause (table 39),. The effect was more marked after longer exposures. No 

significant difference occurred between samples exposed to 15°C or below for 

two weeks and samples moved straight to 25°C. However, 4 or 6-week exposures 

to low temperatures did significantly shorten the mean time for pupation at 

20 or 25°C (p _ (0.05). A 4-week exposure at 10°C proved much more effective 

than a 4-week exposure at 2.5°C in hastening pupation under a 16-hour day- 

length at 20°C (p = 40.001). Exposures to low temperatures were conducted as 

far as possible in darkness. 

iv) Ephectia elutella (field stock) 

Larvae were reared under an 8-hour daylength at 20°C, and after exposure to 

low temperatures, were transferred to a 16-hour daylength at 25°C (table 1+0). 

An exposure of 10 weeks to 5°C, preceded by 3 weeks at 150C, greatly increased 

the synchronication of emergence at 25 0 C, and reduced the average duration of 

diapause when compared with a batch held for 1'}-15 weeks at 20°C (p =< 0.01). 

Shorter exposures to low temperatures, were less effective in limiting the 

period over which pupation occurred, but even so, an exposure of 6 weeks at 

7.50C was significantly better in shortening mean pupation time than 3 or 4 

extra weeks at 20°C (p = <0.01). 
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A comparison was made of the emergence of malen and females in the batch chilled 

for 10 weeks at 5o C, and in the batch exposed for only 2 weoks at 15'C (table 41). 

In the batch chilled for the longer period, emergence of the sexes proceeded in 

parallel, while in the other sample, males appeared, on average, a little earlier 

than females (p = <0.1). This was partly because females contributed most of the 

later emergences. From the emergence records, an estimate was obtained of the 

mean pupation time for males and females by subtracting 14 days from each 

emergence date. 

F. Natural Conditions 

i) The field stock of Eahestis Blutelle overwintering from 1970 to 1971 

in a slightly heated outbuildinG. 

Batches of tubes containing newly-hatched larvae were placed in the outbuilding 

in early September. During the colder months, the temperature in the out- 

building was about 5-10°C above ambient. Measurements were made on a thermograph 

which gave a trace of temperature for each week. The averagc of daily mean 

temperatures during the autumn and winter months in the outbuilding were as 

follows: October, 17.0°C; November, 17.0°C; December, 114.0°C; January 13.5°C; 

February 14.5°C; March, 14.5°C. The lowest temperatures were recorded during 

the last week of December and the first week of January, when night temperatures 

fell to about 6.0°C. Fig-35 shows simplified accumulative curves of pupation 

in batches brought back to the laboratory at monthly intervals from December to 

March, and kept in darkness or under a 16-hour daylength at 25°C. A fuller 

account of the results is presented in table +2. 

The longer samplers were kept in the putbuilding, the thorter wa3 the duration of 

diapause in the laboratory. However, the effect 4luo much morn pronounced in the 

samples returned to darkness at 25°C. In the December samples the mean pupation 

time was 228 days, over four timen the value under a 16-hour daylength. Mean 

pupation time was reduced in the January dark ijnmplo, but the et- S. D. Uraa 
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TABLE 39. I: phestia etuteila (lnboratortiy stock). D7yn rrnui red under n "r.. hcur 

da len th at 20 or 220C for unction of din authnr, larvne roared 

under an 8-hour d aylen th 0 
nt 20 C and exposed to low tern-7n. tima for 

selected periods (based on counts performed three timer, a week). 

EXPOSURE: AFTER NO. IN % RANGE OF l'MEAN AND 50; 5 MIN. RAi1CE 

TEMP. TINE EXPOSURE BATCH MORTAL PUPATION. PUPA FOR 80 ö 
0C WEEKS KEPT AT: -ITY -TION PUPATION 

2.5 2) 49 14 65-212 126 + 29 123 10-167 

4) 20°C 52 15 80-231 120 + 28 110 88-162 

10 2) 16 H12 47 6 28-210 131 + 26 124 107-174 
LIGHT 

4+ ) 4+6 9 58-159 91 + 28 81 63-130 

STRAIGHT TO ) 49 29 49-301 137 + '+0 136 104-185 

7.5 2) 25°C 46 9 17-64 34 +8 33 26-43 

6) 16 HR 61 11 15-55 32 ±7 34 25-4O 

15 2) LIGHT 48 6 21-59 37. t 9 35 25-45 

20 3-4* ) 114 7 16-67 39 ± 11 39 23-52 

* Held under an 8-hour daylength 
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TABLE O. Ephestin ei. ute]. in (fief ^tnrk}. llýmvn rrrniired unier n 1F... hý>>" 

da 1enr th nt 25°C for ]2u]2ntion of di. nrnuni. nn lnr-:, i(rented tyridcr rin 

8-hour daylength at 20°C and ex', onnd to loo, tern rraturen fer r>clected 

periods (based on counts rerformed three times ft week). 

EXPOSURE: 

lIMP. TIME 
0C (WEEKS 

? SIN. RANGE 

FOR 8o c 

PUPATION 

7.5 6 + 68 4 19-125 47 + 18 43 27-59 
Mean and S. D. recalculated 

ignoring last 2 stragglers : 45 + 12 

15 2 
1 

75 7 22-185 53 t 25 46 34-63 
Mean and S. D. recalculated . 

ignoring last 2 stragglers : 49 ± 13 

15 + . 01 
4+ 41.44 9 25-114 47 ± 15 43 37-58 

Mean and S. D. recalculated 

ignoring last straggler : 45 + 10 

15 + 3 +1 0 41+ 11 24-65 38 + 9 36 30-148 

20 3_1+ 149 7 25-217 57 ± 27 52 31-76 
Mean and S. D. recalculated 
f 
ignoring last 5 stragglers : 54 ± 20 

20 4-15 73 11 22-127 45 + 17 110 29-57 
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TABLE 41. Enher tia elutella (field dock). Einer once of m iet and femrle 

under a 16-hour da lenrth rat ? 50C after exnoruro of diropucin lnrvae 

to 150C for 2 weeks and to 15 rind 5°C for 3 and 10 weeks respectively. 

Weeks at 25oC 

(16 HR LIGHT) 

2 weeks at 15°C 3 weeks at 15°C 

+ 10 weeks at 5 eC 

MALE FEMALE MALE FEMALE 

6 1 o 0 1 
7 2 1 10 7 

8 9 4 5 7 

9 12 16 2 2 

10 3 7 2 1 

11 1 2 1 0 

12 2 1 0 1 

13 2 1. 0 0 

14 1 1 0 0 

15 1 0 0 0 

19 0 1 0 0 

22 0 1 0 0 

28 0 1 0 0 

TOTAL NO' s EMERGING 34 36 20 19 

-------------- 

MEANPUPATION TIME 62 + 15 ? 2+29 53+9 52+9 

65 t 15« 

Mean and standard c4 n recalculated ignoring last 2 stragglers. 
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Fig. 35. Ephestia elutella (field stock): Pupation at 25°C 

under a 16-hour daylength, or in darkness, of larvae 

induced to enter diapause by autumn and winter 

conditions in a slightly heated outbuilding, and 

moved to the laboratory at monthly intervals. 

I 

4 
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TABLE 42. Ephestin (field stock). Dow; requi_reCd__for rurntion inhntchr: -_ of 

di. npauning larvae moved nt monthly interynln to ? 50C in drnrknr rr or 

lonr, dnylen!; th from nn outbuildinr; ntnninp. tit 5 10°C . rbrvo rlmhi n. nt 

during the winter of 197Q-1971_ (bnsed on countn performed thrreC times 

nweek) 

DATE HOURS NO. IN % RANGE OF MEAN AND 50% MIN. RANGE 

MOVED LIGHT BATCH MORTAL PUPATIONZ S. D. PUPA- FOR 80°l, 

TO 25°C AT 25°C -ITY TION PUPATION 

DEC 22 0 46 5? 94-354 228 + 75 226 121-310 

16 46 2 22-162 53. t 25 49 30- 65 
Mean and S. D. recalculated 

ignoring last 2 stragglers ; 48 + 12 

JAN 21 0 40 68 43-? 89 169 ± 99 210 113-266 

16 41 5 32- 82 47 + 13 42 32- 60 

FEB 19 0 40 25 25-328 104 ; 81 59 33-201t 
BATCH SPLIT: PUPAE UP TO 104 

(25 - 74) DAYS: 51 ± 12 

PUPAE AFTER 104 
(123 

- 328)DAYS: 210 + 53 

16 45 4 21-181 1+7 1 30 40 26- 54 
Mean and S. D. recalculated 

icnorinc last 2 strngglerc : 41 + 12 

MAR 22 0 112 24 11-283 53 1 58 38 23- 64 
Mean and S. D. recalculated 

ignoring last 2 stragglers : 39. t 14 

16 44 9 9-143 41 + 22 36 22- 53 
Mean and S. D. recalculated 

ignoring last 2 stragglers : 37 1 12 

- 146 - 



increased. This was caused by a few individuals pupating in a relatively short 

time. The February sample showed two peaks of pupation, one approximately 

coinciding with pupation under long daylength, and the other relating closely to 

pupation in the sample moved to darkness at 23 C in December. The sample 

returned to darknessinth3 laboratory in March differed little from the srrplo 

returned to long daylength, particularly when the last two stragglers in each 

batch were ignored. Mortality in the samples returned to long daylength at 250C 

tended to increase slightly with exposure to winter conditions, while much lower 

mortalities were encountered in the samples returned to darkness in February and 

March, than those returned in January or December. 

overwintorina 
ii) Both stocks of Eohestia elutella11971 t1272 in on unheated outbuildi r 

Batches of tubes containing newly hatched larvae were placed in the outbuilding 

in mid August. The averages of daily mean temperatures during the autumn and 

winter months in the outbuilding, as assessed from the traces of a thermograph, 

were as follows: September, 15.5°C; October, 13.5 0 C; November 10.00C; 

December, 10.0°C; January, 7.0°C; February, 10.0°C; March, 11-50C. Thiu year 

mean temperatures were 3-70C lower than temperatures the previous year in the 

slightly heated outbuilding. The lowest temperature recorded was-3°C, early in 

the morning of January 31st, 1972. Batches of both stocks were removed from the 

outbuilding at monthly intervals from the winter solstice, and wore exp ced at 25 

or 30°C in darkness, or at 25 °C under a 16-hour daylength (tables 43,44). Lines 

joining the times required for 5 and 95`5 pupation in each batch presented ißt 

fig. 36 provide a visunl impression of the relative efficiencies of various 

conditions in terminating diapauce after various periods in the outbuilding. 

In both stocks, a progressive reduction in the duration of dispauso under each 

system tested in the laboratory was seen the longer material had been left infnc 

outbuilding. When transferred to 25°C, batches of the field stock required much 
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less time to break diapause than equivalent batches moved from the slightly heated 

outbuilding during the winter of 1970-1971. In samples moved to the laboratory 

in December, diapause in both stocks was terminated more rapidly under a 16-hour 

daylength at 25°C than in darkness at 25 or 30°C. From January, diapauce in 

batches of the laboratory stock (table 43) was terminated most rapidly by darkness 

at 30°C. In the field stock, however, long daylength at 25°C remained the best 

agent for synchronising the termination of diapause (table 44), and from January, 

diapause was terminated under this system as rapidly in the field stock as in the 

laboratory stock. In both stocks, darkness at 25°C was the least effective in 

terminating diapause in all samples, but the periods over which pupation occurred 

in the February and March samples placed under this system, were less than a ninth 

of those required by the December samples. 

Mortality in all batches of the laboratory stock was generally higher than in the 

field stock, and varied little from one set of diapause-terminating conditions to 

another. In the field stock, mortality was noticeably lower under long daylength 

at 25°C than in darkness at'25 or 30°C. 

The batch of the field stock returned to a 16-hour daylength at 25°C in March 

(table 44) was analysed to compare the termination of diapau e in males and 

females. As in the batch chilled at 5°C in the laboratory for 10 weeks (section 

4. E. iv), no obvious difference was found between the rates of pupation for the 

two sexes. 

iii) Plodia interbunctella. 

Overwinteringin an unheated outbuilding until 22nd December 1971 and 

22nd March 1972 

In both stocks, pupation in batches retained under natural conditions from 

September to March, proceeded more rapidly under a 16-hour daylength at 25°C than 

in batches removed in December (fig. 37). Mortality was, however, higher in 
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TABLE 11.3. E phF: stin c1utel. 1n (1nborntory stock). 1)nyn renui red for nuc, ry+ 'Ion of 

dinnnusing lnrvne move(l at monthly intrlrvnln durinrthe winter of 

_2971-2 
from rin unheated outbniil. dinr, to rr] cr.! cad conk i tirýn:: ini lip 

Isboratory (based on county performed three times n week) 

DATE TEMP. HOURS NO. IN % RANGE OF MEAN A1y'D 50% MIN. RANGE 

MOVED °C LIGHT BATCH MORTAL PUPATIONS , S. P. PUPA- link amo, 

TO LAB. -ITY TION PUPATION 

DEC 23 25 0 38 29 20-385 104 + 71 76 41-166 
Mean and S. D. recalculated 

ignoring last straggler 94 + 46 

. 
16 35 20 12- 1+7 30 + 9 30 17- 4o 

30 0 38 24 10-108 36 + 22 29 17- 115 
Mean and S. D. recalculated 

ignoring last 3 stragglers : 29 ± 9 

JAN 24 25 0 41 22 19-156 42 + 30 32 19- 44 

Mean and S. D. recalculated 

ignoring last P. stragglers : 35 ± 13 

16 37 22 16- 51 29 + 9 28 20- 43 

30 0 38 13 10- 41 21 + 7 20 12- 27 

FEB 22 25 0 38 26 15- 55 29 ± 8 26 22- 38 

16 40 20 16- 111 23 + 5 22 16- 28 

30 0 39 21 11- 26 18 ± 4 17 13- 23" 

MAR 22 25 0 38 21 18- 56 29 ± 8 29 20- 36 

16 39 31 1fe.. 42 25 ± 6 24 20- 34 

30 0 38 29 12- 30 19 : 4 19 14- 23 
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TABLE 44. ThDhoctir e1utcll. ri ( field 

of dia ? auoinr Larvae moved at rnoiithlý dv r. i nr- the' 

wrotor of 1911-? frobl an unh('i 1 eel 

conditi. on in. tho laboratory (bt; ted on counts Eerforr, e'ci three 

tln o; a week) " 

DATE 
1IOV'.; D 

TO LAB. 

Mr-M. 
°C 

HOURS 
LIGHT 

BTO. IN 
BATCH 

C" 
I'. URTAL- 

I 

PJ NGý; OF 
PUPA```IOi'S 

Af 

S. D. 
mss .,. x1i ,{ 

-TAGT; 

rr ý. -. ý 17, .,, 
iý'C': ý Q 
: 'UPATIC 

DEC 23 25 0 46 30 43 - 1-11-53 193 + 2 201 43-2111+ 

16 1+2 5 21 - 92 39 + 17 32 24- 48 
ALAN AND S. D. RECALCULJ ED 
IGNORING LIST 2 6MRA LLNS 37 + '12 

30 o 43 19 11 - 202 92+ 61 90 18-11-14 

JAN 24 25 0 42 10 16 - 212 51 + 39 36 29- 58 
1"TüAN AND S. D. RECALCULAT D -" T 
IGNORING LAST 3 STRAGGL:;: tS : 41 + 18 

16 42 I o 
115 

- 79 32 + 12 28 17- 38 
1" ; AN AND S. D. RECALCULATED 
IGNORING LAST 31 + 10 

30 0 45 
1 

13 
( 

15 - 181 31 + 27 23 15- 40 
MEAN AND S. D. RECALCUL, ', D 
IGNORING LAST STRAGGL : 27 + 12 

FEB 22 25 0 43 16 15 - 57 32 + 11 29 22- 49 

16 43 9 17 - 36 24 + 5 24 17- 29 

30 0 41 12 13 - 38 23 + 5 22 18- 28 

MAR 22 25 0 40 10 15 - 56 32 + 10 31 19- 42 

16 44 0 8- 36 20 + 6 20 14- 28 

21M ALES 0 8- 36 20 + 7 20 14- 32 
23jFEMA1 0 11 - 34 21 + 6 21 14- 28 

30 0 43 9 6- 46 22 + 8 21 14- 33 
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Fig. 36. Ephestia elutella: Lines joining the times required 

for 5 and 95% of diapausing larvae to pupate in 

batches placed under selected conditions in the 

laboratory after overwintering in an unheated 

outbuilding until December, January, February and 

March. 
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Fig. 37. Plodia interpunctella: Pupation in December 

and March under a 16-hour daylength at 

25°C of batches of the laboratory (L. ) and 

field (F. ) otocks entering diapause in autumn 

and overwintering in a slightly heated 

outbuilding. 
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the March batches. All samples showed a much higher degree of synchronisation, 

and a faster pupation rate (p W 0.001), than samples reared in the laboratory find 

placed under a 16-hour daylength at 25°C soon after diapause induction (tables 31, 

32). The means and &tewla-r4 5. D. 's for timet to pupate in the overwintering 

batches were as follows: - 

December 22nd samples : Laboratory stock : 5.7 ± 2.5 days 

Field stock : 7.0 + 2.6 days 

March 22nd samples : Laboratory stock : 4.7 + 1.8 days (p = (0.05) 

Field stock : 5.4 ` 2.2 days (p = <0.010 

iv) Emergence of Enhestia elutelln and Plodia interourctell a durin the 

snrinr and summer of 1972 in slightly heated and unheated outbuildin, s 

ex-nosed to natural daylight. 

The averages of daily mean temperatures in the unheated 6utbuilding during the 

spring and summer months were as follows; March, 11.5°C; April, 13.50C; May, 

14.5°C; June, 16.5°C; July, 19.0°C; August, 18.5°C; and in the slightly heated 

outbuilding wore : February, 15.0°C; to rch, 16.0°C; April, 17.5°C; May, 

18.0°C; June, 19.0°C; July, 21.5°C; August, 21.0°C. Emergence of both stocks 

of E. elutella in the unheated building occurred predominately during July (table 

45). In the laboratory stock, the emergence of both sexes commenced in the first 

week of July, reaching a peak by the third week. The last emergences occurred 

about three weeks later. In the field stock, the emergence of mnlec began in the 

last week of June and reached a peak during the first two weeks of July. None 

emerged after the 2nd of August. Females started to appear in the first week of 

July, reaching a peak during the second and third weeks., A few continued to 

appear throughout August. Emergence of the sexes resembled the batch in section 

E. iv)which had been held for 2 weeks at 150C,, rather than the one which 

experienced 10 weeks at 5°C, or the batch in F. ii) which had been returned to long 

daylength at 25°C after overwintering in the outbuilding until 22nd March. 
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In the field stock of P. interounctelln, the emergence of both coxes begann in 

late June, reached a peak in early July, and ended 2 weeks later. Very few adults 

of the laboratory stock emerged, but those that did, appeared near the time for 

perk. emergence in the field stock. 

Emergence in the building receivin; come heat from an adjacent room running at 25°C 

occurred much earlier than in the unheated building (table 1,6). The temperature 

in the slightly heated building was ? °C above ambient on colder days, but the 

difference reduced as the ambient temperature approached 25°C on warmer days. 

Emergence of the laboratory stock of E. elutelln in the current experimental 

batch, and also in cultures, commenced in the third week of May and finished in 

the third week of July, while in the field stock, emergence started a week 

earlier and ended 4 weeks later. The span of emergence was greater than in the 

unheated building, and females of both stocks wore rerponciblo for the majority of 

the later emorgences. In both stocks, most of the emergence occurred in June, 

but, even taking into account the smaller batch size, there was lean evidence of 

a peak period than in the unheated building. Emergence of P. interpunctnlln 

occurred from the 4th week in February to the 2nd week in May, the range for the 

laboratory stock being a little lest) than for the field stock. Leca difference 

was evident in the emergence of the sexes than in E. olutelln. 

G. Pieria brnnyicne and IIonb cri. 

i) Duration at 14°C in dnrknern and nt 20°C under an 8-hour dnylength 

The duration of the pupal diapauGe of P. brannicne at 10°C was not significantly 

longer than at 20°C(table 47). Diupauco in eggs of B. mori, meted 5-8 months at 

20°C, while no eggs survived a 12-month exposure to 100C. However, sanplon of 

eggs lifted from 10°C after an 8-month exposure, and placed at 25°C, showed lese 

than 20% mortality. Results at 25 °C are described in Geiii. 
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TABLE 47. Dn s required at 10 and 200C for emergence of adults from ditºniusinC, 

pupae of Pieria brnsric, e. and of lnrvne from, dirnnusing- ec; ts of 

Bombyx mori (based on counts nerforried three times n weck) 

SPECIES TEMP. NO. IN % RANGE OF MEAN AND 50% MIN. RANGE 

(AND STAGE 0C BATCH PORTAL EMERGENCE S. D. ýrP. G FIER 8o% 

IN DIAPAUSE) -ITY -P CB 'Ii'IGEN0E 

PIERIS 10 84 47 220-361 303. t 38 298 242-333 

(PUPAE) 20 72 42 234-322 276 + 25 269 249-305 

BOMBYX 10 603 100 (AFTER 12 MONTHS) 

(EGGS) 20 318 30 153-244 191 + 29 185 160-224 
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ii) Effect of chi. i]. in ; neriodn on di. n nu;; ing pu, ae of Picrin br. nrricoc 

An 11-week exposure at 5-10°C had little effect on the duration of diapaune undr' 

n 16-hour daylength it 250C, but emergence was markedly iwdvanced tend nynci, ronI':: c1 

after a 16-week exposure (fig. 38). The means and *1S. Wt. for pupation 

times in the three batches were as follows: - 

0 weeks at or below 10°C : 53 + 18 days 

11 ýi Ii n It Ii : 53 ± 16 days 

16 27 + 11 days 

iii) Effect of chilling periods on diapnucinfº ears of Bombyx mori 

The batches described hero were primarily controls for fumigation experiments, 

and were able to provide only limited data on the importance of the timing and 

duration of chilling periods in the determination of diapause. Mortality 

remained below 20% in samples retained for 35 weeks or less at 10 or 7.5°C, after 

8 weeks from laying at 25°C (table 48). No eggs hatched at 25°C after a full 

year at 10°C. Batches retained for 25 or 35 weeks at 10°C, or for 12 or 16 weekrs 

at 7.5°C, wore highly synchronised in their hatching at 250C. Hatch was rather 

slower in a batch retained for 15 weeks at 10°C. 
r 

H. FU niCntion 

i) Diapausinr, larvae of Ebhestia olutella 

In batches of both stocks exposed to phosphine, pupation under a 16-hour 

daylength at 25°C reached a peak a week earlier than in the controls (fie. 39)" 

In the field stock, the last stragglers pupated by the 16th week in batches 

fumigated with phosphine, and by the 31st week in control batches. After 

fumigation with methyl bromide, pupation in the laboratory stock again occurred 

a week earlier than in the controls, but the effect was less apparent in the 

field stock. The means and -etendjR-d-5. D. 's for pupation time in the batches 

were as follows: - 

0- 158 - 



Laboratory stock, controls 

It if phosphine fumigated 

it it methyl bromide fumigated 

Field stock, controls 

UU i' pho:: phine fumigated 

11 " methyl bromide fumigated 

: 39 +9 days, 

: 33 ±9 days (p =<o. 001) 

:' 32 +8 days (p ={0.001) 

: 56 + 27 days 

112 + 16 day: (7)=<0.001) 

55 1 34 days (p = 0.7- 
0.9) 

The wide range (fig. 39) for the methyl bromide sample of the field stock was 

largely caused by three late pupations, two in the 30th week, and one in the 

36th week after exposure to long daylength at 250C. A recalculoted mean and 

' S'. D. for this sample without these three stragglers was 49 + 16 days. 

A revised estimate for the control mean and S. D. , ignoring the last 9 

stragglers, was 51 + 17 days. The difference between the recalculated meansiza 
a 

not significant. 

ii) Diapausingpupae of Pieris brassicae 

In samples chilled for 11 weeks, the time for peak emergence under a 16-hour 

daylength at 25°C occurred three weeks earlier in the samples fumigated with 

methyl bromide than in the control (fig. 40). Doses giving over 10% mortality 

were largely responsible for the advance. The 100 survivors from doses giving 

over 1050% mortality, and the remaining 137 insects, which emerged from doses 

giving less than 10% mortality, were analysed separately for comparison with the 

control. Means and -e daw4- S. D. j were also calculated for a parallel sample of 

pupae fumigated in a test with phosphine which gave very little kill in any 

exposure, and for a later test with phocphine, in which all doses gave an 

appreciable level of kill after a chilling period of 16 weeks. Values for the 

significance of difference between fumigated and control batches are included in 

the following summary of mean pupation times and S. Ws: " 
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11-week chilled namp]. ec: CONTROL 

lßothyl bromide dosen 

giving over 10% kill 

Methyl bromide dooec 

giving under 10% kill 

Phonphinc doses giving 

no significant kill 

16-week chilled samples: CONTROL 

Phosphine doses giving 

over 20`S' kill 

53 1 16 days 

?g+ 18 days (p) -ý o. ooi) 

48 + 24 days (p =<O. 05) 

52 ± 15 days (p = 0.5- 

0., 

28 ± 13 days 

23 18 days (p =< 0.02) 
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Fig. 38. Emergence of Pieris brassicae under a 16-hour daylength 

at 25°C after exposure of diapausing pupae to low 

temperatures. 

a. 16 weeks at or below 10°C. 

b. 1.1 weeks at or below 10°C. 

c. Control 

e 
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TABLE 48. Days required for hatching nt 250C of di raust 
_p 

or Po i1y r, ort 

exposed to low temperature;; for vtirious periods (bA'ed on dn ly cc, "unt31 

IVITIAL EY. POSURE NO. IN %, RANGE OF MEAN AND 50% MIN. RANGE 

TIME TO COLD: BATCH MORTAL HATCHINGS S. D. 1 AT'CH FOR 80% 

AT 250C WEEKS OC 
-ITY HATCH 

8 15 10 390 12 16-25 18.8 + 2.8 18 16-22 

8 25 10 345 10 11-18 13.9 + 1.6 14 12-16. 

8 35 10 520 19 11-17 14.0 + 1.4 14 12-15 

8 52 10 603 100 - - - - 

12 12 7.5 504 8 12-18 14.3 ± 1.8 14 12-16 

8 16 7.5 353 14 12-18 14.3 + 1.7 14 12-16 

0 
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Fig. 39. Effect of fumigating diapausing larvae 

of laboratory (L) and field (F) stocks of 

Ephostia elutella with phosphine or methyl 

bromide on pupation under a 16-hour 

daylength at 25°C. 

6 
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4 

4 

Fig. 4o. Emergence of Pieris brassicae under a 

16-hour daylength at 25°C after 

fumigating diapausing pupae with methyl 

bromide or phocphine. 
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Ptk. t> . frnw. Vo t- .2 C. k. B1-LL- 

FU 14 10AT10NRESULTS 

1. PIiOSPILIN : ALL STAUES JXCJ1'T DL PAUSI NG LARVAE 

In all 4 Pyralid rpec: i. ec, a markedly tolorant phase was observed in the egg 

stage, and by comparison, pupae and larvae were very cusccptible. Even more 

susceptible were adults, which failed to survive the lowest concentration- 

time (CT) products tested. 

A. 20G 

i) Stages surviving fumigation 

J 

Cultures were set up by adding batches of eggs at weekly intervals. Two 

cultures of each species were presented for each treatment, one containing 

all the later developmental stages, and the other containing the earlier 

ones. All exposure periods included the period during which phoephine was 

released from the solid formulation. A concentration peak was reached in 

about 24-36 hours. After a 2-day exposure to a concentration rising to 

0.016 mg/i, some survival occurred in both cultures of all species (figs. 41 

and 42). 

An examination of the control emergence pattern, and the time required at 

25°C for the completion of the various stages of development, revealed that a 

high proportion of eggs, younger pupae, and prepupae had survived fumigation. 

Older pupae produced adults which died a few hours after emergence. Larval 

survivors were identified in the older culture of E. kuehniellc, and in both 

cultures of E. cautella, but not in cultures of E. elutella. A single adult 

of P. interpunctella which emerged between 17 and 20 days after fumigation, 

was identified as being present under gas as a larva. No adults survived 

fumigation in any species. In the interests of clarity, the emergence of 

survivors arising from eggs laid by adults emerging just before fumigation, 

adults from pupae which emerged and died within a few hours, and adults 

emerging before fumigation which died under gas, are not included in figs. 

41 and 42. 
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ii) Effect of concentration and exposure period 

All stage:; other than eggs failed to develop into viable adults after expo., ure 

to CT products of 3.7 mg b/l or above (table 49). Some pupae developed into 

adults after exposure to CT products of up to > mg h/1, but these died within 

a few hours of emergence with the wings not fully expanded (fig. 13). Resulto 

demonstrated the advantage of longer exposures over shorter ones. In 2-day 

exposures, eggs of all four species survived a CT product of 38 mg h/1, and 

those of E. elutella survived 142 mg h/i. In 4-day exposures, no eggs hatched 

after exposure to a CT product of 9.3 mg h/1. Furthermore, percentage sur- 

vival after 2-day exposures to phosphine, bore little relationship to 

concentration. 

B. 1 

Cultures were prepared as in the tests at 25°C, and were fumigated at 150C for 

2,4,8, and 16 days at concentrations rising in 36-4+8 hours to about 0.1,0.2 

and 0.4 mg/l (tables 50 and 51). All stages other than eggs were 1-tilled by a 

2-day CT product of 13.8 mg h/l. At 15°C, development virtually ceased in 

P. interpunctella, and in larvae and pupae of E. cautelln. In E. kuehniella 

and E. elutella, development proceeded at less than a third the rate at 25°C. 

Mortality in eggs of P. internunctella was increased after exposure to 150C, 

but survival was obtained in 2 and 4-day exposures when the period at 150C was 

reduced to 10 days. Survival of eggs was recorded in exposures of up to 8 

days in other species, and CT products up to 288 mg h/1 failed to give 100; 0 

kill. The tolerance of eggs to phosphine is further examined in section 2. 

A single pupa of E. kuehniella survived a 4-day CT product of 8.5 mg h/1, 

while pupae of the other three species succumbed to a 2-day CT product of 7.2 

mg h/1. Eggs and young pupae of E. kuehniella and E. elutella survived a 2- 

day CT product of 3.5 mg h/1 (fig. 44). In both species, emergence in cul- 

tures containing older stages started about 5 days before the test, or 2 days 

before lowering to 15°C, and eggs were laid before the test. For greater 

clarity, the emergence of survivors from these eggs is not included in fig. 44. 
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0 

Fig. 41. Effect of a 2-day exposure at 25°C to a 

phosphine concentration rising to 0.016mß/1 on 

the emergence under a 16-hour daylength at 25°C 

in cultures of A. E hp estia kuehniella and E. Ephestia 

elutella cet up to contain all non-diapaucing 

stages of the life cycle. 

KEY : i) Older cultures set up weekly with eggs from 51 

to 2- weeks (E. kuehniella), or 6 to 3 weeks 

(E. elutella), before fumigation. 

ii) Younger cultures set up weekly with eggs from 

2 weeks before, to the day of the fumigation. 

EXPECTED = Expected emergence based on hatch 

in control cultures. 

CONTROL = Actual control emergence. 

FUMIGATED = Emergence in fumigated cultures. 
,. 

I 
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Fig. 42. Effect of a 2-day exposure at 25°C to a phosphine 

concentration rising to 0.016 mg/i on the 

emergence under a 16-hour daylength at 250C in 

cultures of A. Ephectia cautella and B. Plodia 

interpunctella set up to contain all non-diapausing 

stages of the life cycle. 

KEY : i) Older cultures set up weekly with eggs from 

5 to 3 weeks (E. cflutella), or 44 to 24, weeks 

(P. i. nterpunctelln), before fumigation. 

ii) Younger cultures set up weekly with eggs from 

2 weeks before, to the day of the fumigation. 

EXPECTED = Expected emergence based on hatch 

in control cultures 

CONTROL = Actual control emergence 

FUMIGATED = Emergence in fumigated cultures. 
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T4'J3LE 49. Toxicity of nhosnhine to 4 snecier of f-tored product moths in tests 

on all stares at ?jC, 70-: RH (S: curviyelc to adult Et-nr*e based on 

emergence in controls) 

DOSE EXPOSURE CT Enhestia E: ihestia F. uhestia P1odia 
(TABLETS/ PERIOD PRODUCT elutella kuchniella cautella interp unctella 
15 cu. m. (DAYS) (mg Iv/1) 1 2 1 2 1 2 1 2 

2 0.7 21 6 38 10 62 15 100 4 
4 1.4 1 7 3 9 68 
7 2.2 0+ 4 1.5 1 35 

10 2.8 0+ " 0.5 " 0.6 5 13 * 

2 1.3 35 3 8 5 4 1 70 " 
4 2.5 0+ 0+ " ? 0 5 0 
7 3.7 0 0 0 0 0 0+ 0 

10 4.8 0 0 0 0 0 0 0+ 0 

1 2 2.6 30 2 2 ? " 8 
4 5.0 0 " 0+ o+ o 0+ 0 
7 7.6 0 0 0 0 0 0 0 0 

10 9.4 0 0 0 0 0 0 0 0 

2 2 5.0 12 8 8 0 6 0 
4 9.3 0 0 0 0 0 0 0 0 
7 13.6 0 0 0 0 0 0 0 0 

10 16.3 0 0 0 0 0 0 0 0. 

4 2 10.5 7 0 9 o 4 0 16 0 
4 19 0 0 0 0 0 0 0 0 
7 27 0 0 0 0 0 0 0 0 

10 31 0 0 0 0 0 0 0 0 

8 2 19 20 0 8 0 5 0 10 0 
4 35 0 0 0 0 0 0 0 0 
7 53 0 0 0 0 0 0 0 0 

10 63 0 0 0 0 0 0 0 0 

16 2 38 2 0 5 0 2 0 12 0 
4 87 0 0 0 0 0 0 0 0 
7 124 0 0 0 0 0 0 0 0 

32 2 77 4 0 0 0 0 0 0 0 
4 158 0 0 0 0 0 0 0 0 

64 2 142 2 0 0 0 0 0 0 

KEY: HEADINGS: I= eggs 2= larvae and pupae- 
' Adults emerge but die in a few hours. 
0+ Eggs hatch, but no survival to the adult stage. 

No survival from added egg sample, but survival among egg laid in 
culture. 
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Fig. 43. Adults of Ephestia kuehniella emerging from pupae 

fumigated with phosphine, and dying within hours 

of emergence. 
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TABLE 50. Toxicity of ahosnhine to Ephestin (, lutellA and Erhestia kuchniella at 

150C. 70% RH, in tects on cultures containing All stspec of active 

develorment (Y survivals to adult state nt 250C bi ed on emergence 

in the control) 

DOSE 

(PELLETS 

/17001) 

EXPOSURE 

PERIOD 

(DAYS) 

CT 

PRODUCT 

(mg h/1) 

Enhestia 

elutella 

12 3 

Enhestia 

kuehniclla 

12 3 

1 2 3.5 40 0 12 26 0 12 

4 8.5 38 0 15 0 1 
8 17.9 30 0 90 0 

16 35.7 00 0 00 0 

2 2 7.2 28 0 39 0 8 
4 16.8 32 0 0 24 0 0 

8 34.8 10 0 ?0 0 
16 69.3 00 0 00 0 

4 2 13.8 38 0 32 0 
If 34.9 24 0 0 33 0 0 
8 74.4 ?0 0 0+ 0 0 

16 150 00 0 00 0 

KEY: 

I DINGS: 1= Eggs, 2= Larvae, 3= Pupae 

* Adults emerge but die in a few hours 

0+ Eggs hatch, but no survival to the adult stage 

?. No survival from added egg sample but survival among eggs laid in culture 

t 
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TABLE 51. Toxicity of phoophine to Efiestin -10,23.111 , midP]. odin ßntcrr'unctelln 

rat 1ro C 70°; RH in tests on cultures contninirg oil Ftn en of active 

develoi ment (% nurvivn1r to Adult rt ire fit 25 0C, based on crm(-rr once in 

the controln) 

DOSE EXPOSURE CT 

(PELLETS PERIOD PRODUCT 

/17001) (DAYS) (mS h/1) 

10 2 3.5 

1} 

8 

16 

2 

4 

8 

16 

4® 2 

4 

8 

16 

8. 

17.9 

35.7 

7.2 

16.8 

34.8 

69.3 

13.8 

34.9 

74.4 

150 

Enhestin 

cautclla 

12 

70 

20 

o+ 0 

00 

10 0 

10 0 

0.2 0 

00 

12 0 

80 

00 

00 

3 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

P1odia 

intcrpunctelln 

123 

o+ 0 

o+ 0 

o0 

o0 

1+ 0 
10 

00 

o0 

80 

?0 

00 

00 

Q Retained at 15°C for 18 days 

Material kept at 15°C for 10 days, except for 16-day exposure 

KEY 

As for table 50. 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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Fig. 44. Effect of a 2-day exposure to phosphine at 15°C 

(CT product 3.5 mg h/1) on emergence under a 

16-hour daylength at 25°C in cultures of A. Ephestia 

kuehniella and B. E. elutella set up to contain all 

non-diapausing stages of the life cycle. (All 

cultures kept at 15°C for 3 days before and 

16 days after fumigation). 

KEY : i) Older cultures set up weekly with eggs from 

6 to 4 weeks before fumigation 

ii) Younger cultures cot up weekly with eggs from 

3 weeks before, to the day of the fumigation. 

EXPECTED = Expected emergence based on hatch 

in control cultures 

CONTROL _ Actual control emergence 

FUMIGATED = Emergence in fumigated cultures. 

0 
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EGGS 

A. r . os, -, hino 

i) Lx-oosures and CT products reauircd for connleto ]; ill 

Eggs of Pyralid moths proved highly tolerant to phosphine for the first 35-455 

of the developmental period. In shorter exposure periods, it was very difficult 

to achieve 100` kill (table 52). In longer exposures, complete kill was 

obtained in all species by very low CT products. Low temperature, which slowed 

development, lengthened the exposures required for a complete kill. However, 

eggs of all species were killed by prolonged exposure at 100C (see Biological 

Results, section 1. B. ). At 15°C, 0-1 day-old eggs of P. intorpunctella did not 

give rise to adults after a 14-day exposure, and were more susceptible to 

phosphine than the other 3 species at this temperature. Eggs of E. olutella 

showed the highest tolerance, surviving CT products of 288 mg h/1 over 8 days 

at 15°C, and 142 mg h/1 over 2 days at 25°C. 

ii) Effect of age of eggs 

All tests were conducted with a phosphine concentration stabilised at about 

0.2 mg/1. Susceptibility increased with age, the highest levels of survival 

" occurring amongst eggs of the youngest age group. 

At 25°C, a clear relationship was observed between the age of eggs at the end 

of fumigation, and survival to the adult stage (table 53). No survival 

occurred in batches of eggs aged 3 days or more at the end of fumigation. 

At 15°C in the three species of Ephestia, eggs of the youngest age group 

showed little mortality after fumigation for 2 or 4 days (table 54). The older 

the age group, the smaller was the percentage survival. No eggs of 

E. kuehniella survived the 8-day exposure, but E. elutella and E. cautella 

required the 9-day exposure for complete kill. Results for P. internunctelln 

have been considered separately (table 55), as new-laid eggs were adversely 

affected by exposure at 15°C, and difforent mortalities after fumigation were 
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obtained when samples were held at 15°C for verinus lengthn of time. 

iii) Effect of exposure period and tmmpernturn: CT product or 

concentration hold constant 

Results for tests with a constant CT product of about 9-10 mg h/1 are summarised 

in tables 56 and 57, and for tests with a constant concentration of about 

0.4 mg/l, in tables 58 and 59. In all tests, eggs aged 0-1 days at 25°C wore 

fumigated. It was apparent that temperature, and not concentration, controlled 

the maximum time eggs were able to survive fumigation, and the level of 

survival after any given exposure period. With a constant CT product, a drop 

in temperature of 5°C between 30 and 15°C, in all 4 species approximately 

doubled the exposure period permitting survival. At 15°C, however, very low 

concentrations during the longer exposures permitted survival beyond the 

exposure range tested. 

When concentration rather than CT product was held constant (tables 58,59), 

the pattern of survival was little affected apart from there being no survival 

in the longer exposures at 15°C. Maximum exposure periods tested that 

permitted survival were I day at 30°C, 2 days at 25°C, 3 to 4 days at 20°C, 

and 5 to 8 days at 15°C. At 10°C, a substantial survival among eggs of 

E. elutella and E. kuehniella occurred after an 8-day exposure, but all eggs 

wore killed after 16 days. 

iv) Susceptibility of laboratory and field stocks 

For each species, the susceptibilities of eggs aged 0-1 days in a laboratory 

stock, and in a recently-obtained field stock, were compared at a range of 

concentrations and exposure periods at various temperatures (tables 60,61 and 

62). In all species, variation between stocks was not Groat. However, field 

stocks often survived long exposures at very low concentrations rather bettor 

than laboratory stocks. In P. interpunctella at 15°C, the higher cold 

tolerance of the field stock may have enhanced this effect. 
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TABLE 52. Concentration-time products (mý }Z1) for vrýriou., r xpo ; ureL; . ýt 

5 terneraturas giving, cännlate kill of the cCý- t.. ý e oýf 1+ 
, 

species of stored product moth poste (2 : tocks per spocies tested). 

TEI4P. 
eC 

EY1.10.5 PIE 
PERIOD 
(DAYS) 

Erhostia 
elutella 

Eohestia 
kuehnie11a 

E hestia 
crutch, - 

Plodia 
interpunctelln 

10 8 138 138 - - 

16 < 36.8 < 36.8 - - 

15 4 - - - 126 

6 - > 207 >207 52.8 

7 - 248 248 62.9 

8 > 288 74.4 74,4 34.8 

9 20.1 11.7 20.1 20.1 

16 416.9 416.9 (16.9 (16.9 

20 3 > 157 157 X157 > 157 

34 - 35.8 35.8 - 

4 } 89.0 9.6 9.6 89.0 

5 10.3 z, 4.0 (4.0 10.3 

25 14 - > 80.0 )30.0 80.0 

2 >142 77.0 77.0 77.0 

3 3.9 3.9 3.9 3.9 

4 2.5 2.5 3.3 3.3 

30 1 > 9.4 > 9.4 > 9.4 9.4 

2 ( 2.4 < 2.4 .(2.4 < 2.4 

KEY 

Complete kill at this, the lowest CT product tested. 
Survival at this, the highest CT product tested. 
Not tested at this exposure, or only at ('T products below 
those giving survival in a longer ex, osaro. 
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TABLE 53. Effect of fumiratinr three nr-e rroun: of errr-s of 4 snocies 

of stored product moths of 25°C with n p. osrhino concertrntion 

stabilized at 
-0.2 

rrr/1 (100 ervs for trentment). 

SPECIES AGE FROM 
LAYING 
(DAYS) 

;ö CONTROL 
MORTALITY 

12 

MORTALITIES FOR 2 REPLICATES AT EACH 
EXPOSURE CORRECTED FOR AVERAGE CONTROL 

MORTALITY 
24 HOURS 48 HOURS 72 HOURS 
121212 

Ephestia 0-1 0 13 15 5 85 86 100 - 100 

elutella 1-2 7 13 92.5 92.9 100 100 

2-4 10 16 100 100 100 100 

Erh estia 0-1 11 5 8 14 98.9 97.8 100 100 

kuehniella 1-2 12 9 91.6 98.8 100 100 

2-4 3 3 100 100 100 100 

Ephestia 0-1 19 15 5 49 98.9 100 100 100 

cautella 1-2 8 21 100 100 100 100 

2-4 13 25 100 100 100 100 

P1_ 0-1 5 3 2 7 90.6 88 100 100 

interpunc- 1-2 4 5 90.5 88 100 100 

tolla 2-4 6 21 100 100 100 100 
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TABLE 54. Effect of funirntinr . evernl nre i7rours of er: r, of 

three species of Ephestin at 150C with n rhosrhine 

ntration stabilized at tibout 0.2 Mr/1 (j00 ei s tier trartrre 

a 

SPECIES AGE in MORTALITIES AT EACH EXPOSURE 
DAYS AT DAYS C014TROL CORRECTED FOR CONTROL MORTALITY 

1 25°C FM 01 ACCLINATI ED 1 . 0RTAL 
LAYING AT 150C(1) -ITY 2 DAYS 4 LAYS 8 DAYS 9 DAYS 

ERhestia 0-1 0 21 26 27 98.7 100 

1 26 43 73 100 

elutella 1-2 0 20 90 89 100 

1 18 100 100 100 

2-3 0 19 100 100 

Enhr estia 0-1 0 3 2 13 100 100 

1 5 5 86 100 

kuehniella 1-2 0 2 83 99.3 100 

1 6 91 99.6 100 

2-3 0 10 100 100 

Ephcctia 0-1 0 17 2 22 96 100 

cautella 1-2 0 16 70 81 100 

2-3 0 16 100 100 

(1) All samples were allowed at least 1 hour acclimatisation 

at 1500 before fumiCation. 
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TABLE 55. affect of fur, ; r3tznr* three n!, o rrours of ogr°s of 

Plodia irternunctella at 15°C witha ohoerhine concentration 

. stabilized at about 0.2 E hold at 15°C for various 

periods of time before returning to 250C (300 eggs nor treatment). 

AGE AT 
I UMIGATION 

(DAYS AT. 25°C) 

TOTAL NO. 
Cr DAYS 
A. 1 °C 

CONTROL 
MORT TY 

MORTALITIES AFT. LACH EXPOSURE TO 
PHC.. FHIi E CORRLC'TZ J FOR CONTROL MORTALITY 

5 ALI 
2 DAYS 4 DAYS 8 DAYS 

0-1 4 12 2 48 

9 73 24 71 100 

15 100 100 100 100 

1-2 4 10 23 70 - 

9 4+9 73 90 100 

15 98 100 100 100 

2-3 4 12 100 100 - 

9 23 100 100 - 

15 35 J 
- 

i -I 
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TABLE 56. Effect of tc: rnernture and e 'osnre perl nd on thr, ti cnntibility 

to phosphine of efrr, of Enhentth elutelln and Eohostin kuehniolln 

area 0-1 days at 25°C, with a constert CT product of 

9.4 1 0.9 ng h/1 (100-400 eg ý per e }Pocureypercentage 

mortalities assessed on the basis of adult emergence and corrected 

for control mortality). 

SPECIES EXPOSURE 
(DAYS) 

TEý", P MATURE 0C 
15 20 20 30 

Enhestia 1 - - 5° 44 

elutella 2 0 85 100 

3 - 32 100 - 

If 0 97.0 100 100 

5 - 100 - - 

8 81 - - - 

9 95.8(l) 

10 100(2) - 100 - 

Ephestia I - - 28 94.9 

kuehniella 2 - 2.6 97.8 100 

3 - 22 100 - 

4 39 100 100 loo 

8 99.4 - - - 
9 100(1) - - - 

Not tested 
(1) CT product 11.7 ng h per 1 
(2) CT product 13.1 mg h per 1 
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TABLE 57. Effect of temr, eraturo, yd exposure reriod on the 

susceptibility to Ehosphine of eaELs of Ephestia cautolla 

and Plodia interpunctolla aced 0-1 days at ZL°CL with a 

constant CT product of 9.4 ý 0.9 nggh/1(100-400 cm,, s per 

exposure, percentage mortalities assossod on the basis of adult 

ernerrence and corrected for control mortality). 

p 

SPECIES i: }'ºPOSURE 
(DAYS) 

TE"IPERATURS °C 
15 20 25 30 

Ephestia I - - 39 76 

cautella 2 .. 44 98.9 100 

3 - 90.6 100 - 

4 20 100 100 100 

8 91.4 - - - 
9 100 

(1) 
- - 

Plodia 1 - - 14 77 

interpunctella 2 - 24 88 100 

3 - 35 100 - 
4 73 98.1 100 100 

5 - 100 - - 
8 93.8 - - - 
9 100(1) 

-= Not tested 
(1) CT product 11.7 mg h per 1 
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TABL 58. Effect of torperature and___ exro3ure period on the susceptibility_ 

to hos pine of c L, s of hestia elutella and E hestia I' chniella 

aced 0-1 dnys rat 250C at a constant concentration of 0.1+ MrY1 

(100-400 oppz per expocuro, percentage mortalities ncoensod on 

the basis of adult emorgence and corrected for control rnortnlity). 

St ý'CI: ýS 
EXPOSURE 

(DAYS) 
2ýl': PEI2ATURE oC 

10 15 20 25 30 

Ephestia 1 - - 0 5 44 

elutella 2 6 27 16 99: 0 100 

3 - - 85 100 100 
4 0 52 99.2 100 - 

5 - 76 100 - - 
8 68 99.7 100 - - 

9 - 100 - - - 
16 100 100 - - - 

Ephestia 1 - 0 28 94.9 

kuehniella 2 20 10 25 99.3 100 

3 - - 92.1 100 100 

34 - - 97.3 - - 
4 31 3 100 100 - 

5 - 48 100 - - 
6 - 79 - - - 
7 - 98.8 - - - 
8 45 100 - - 
9 - 100 - - 

16 100 100 - - 

= Not tested 
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TAB' LE 59. Effect of tr-r�rornture ind cxnonurn rcriod on tho cu: Iccrtibilit 

to phosphine of er ^s of. r, hentir: cnutclla and i'1odin inter unctolln 

aged 0-1 days. nt 25°C at ra constant concentr, -ition of 0.4 m//1 

(100-400 eckrarer exposure, percentnC-n mortalities ascoseed on the 

basis of adult emergence and corrected for control mortality). 

SPECIES EXPOSURE 
(DAYS) 

TEI-IPEPATURE oC 
15 20 25 30 

Ephestia 1 - 0 39 76 

cautella 2 36 31 98 100 

3 - 86 100 100 

34 - 100 - - 
4 56 100 100 - 

5 71 100 - - 
6 82 - - - 
7 92.4 - - - 
8 100 - - - 

9 100 - - - 

Plodia 1 - 0 14 77 

interpunctella 2 56 19 92.8 100 

3 - 47 100 100 

4 96.3 99.4 100 

5 98.8 100 - 
6 100 - - - 

7 100 - - - 

8 100 ' 100 - - 

9 100 - - - 

Not tested 
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TABLE 60. Su ce2tibi2ity of eE' s_ <ý ed 0-1 c_ays of l bor to ,v (LAB) and 

field stocks of 4 stored product moths to phoatihine at 10 and - r. 
15°C: percentartie mortalities corrected for control mortality; 

1007-500 eggs per treatment. 

E : P. EX: OSURE 
CT 

PRODUCT 
Ebhestia 
elute1T 

Enhestia 
kueh e1I 

EDhestia 
cauý t 

Plorlin 
intemunctelln 

(°C) (FOURS) (rag h/1) LAB FIELE LAB r'1r: Li) LAB FI± Li LAB FILLD 

10 48 11.7 6 23 20 
48 15.3 71 36 33 
96 33.1 0 44 31 
96 55.0 79 59 85 

192 74.2 68 45 51 
192 138 100 100 100 

384 36.8 100 100 100 100 

15 48 44.4 32 28 17 55 91 85 
96 126 47 57 23 57 88 100 

144 52.8 95.3 79 82 100 100 
144 207 90.7 92.2 99.6 99.7 99.1 100 100 
168 62.9 100 98.8 100 92.4 100 100 

192 10.3 81 35 99.4 91.4 93.8 
192 11.7 94.0 98.4 98.6 89 68 97.5 81 
192 35.2 96.7 99.8 96.3 100 
192 74.4 100 100 100 100 

192 288 99.7 100 100 100 100 100 100 

216 11.7 95.8 100 100 100 
216 13.2 96.9 63 100 100 100 94.0 100 86 

216 20.1 100 100 100 100 100 100 
240 14.6 100 91.2 100 100 100 100 100 85 

384 16.9 100 100 100 100 100 100 100 
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TABLE 61. Succnntibility of ea s, armed 0-1 d, vr, of laboratory (LAB) 

and field stocks of 4 stored product moths to nhosnhine 

at 20°C: percentage mortalities corrected for control 

mortality; 100-500 eggs x., or treatment. 

TEMP. EXPOSURE 
CT 

PRODUCT 
Enh eotia 
eiutell. a 

Ebhestia 
kuehr iclle 

Ephestia 
cautclla 

Piodia 
interrunctella 

(°C) (HOURS) (rig h/1) LAB FIELD LAB r''it 14 FIELD, LAB WIELD 

20 48 8.5 81 35 99.4 91.4 93.8 

48 88.0 33 46 50 90 94.6 92.8 96.6 57 

72 8.6 32 22 90.6 35 

72 13.8 27 39 31 83 92.0 88 14 

72 26.8 85 92.9 97.5 100 86 95.1 67 78 

72 27.9 78 73 100 92.1 100 98.4 47 64 

72 157 95.5 77 100 100 99.5 100 100 99.5 

90 35.8 97.3 100 92.8 92.5 

91 42.0 98.4 93.3 100 100 100 100 98.8 97.6 

96 3.3 70 22 100 97.3 100 94.6 32 43 

96 9.6 92.6 87 100 100 100 100 99.0 98.1 

96 44.4 99.2 99.2 100 99.4 

120 4.0 100 84 100 100 100 100 66 82 

120 10.3 100 100 100 100 
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TABLE 62. £unceptibility of eggs aTed 0-1 dnyn of 2abor. 2tor; ; LAB) and 

field stocks of 4 stored product moths to pho-phinc nt 25 and 

_30°C: percentaro mortalities corrected for control mortality; 

100-500 eggs per treatment. 

ý EX 'ýý 
CT Ephestia Ephestia Ephestia Plodia 

' PRODUCT elutella ku& iella ciut ell^ internunctella 
oC (HOURS) ----- ----- ' Mg h/1 LAB r'z LAB i i a. LAB FIELD 

25 24 9.5 5 0 41 28 39 65 27 14 

24 12.5 39 54 9 18 

24 62.5 60 78 81 48 67 75 

42 47.3 83 78 96.2 98.1 97.1 97.4 98.9 95.3 

42 80.0 98.7 100 100 95.6 100 100 

48 16.1 91.8 92.7 100 99.4 100 98.7 100 99.2 

48 18.7 99.0 93.4 99.3 99.5 98.0 100 100 99.4 

48 24.6 95.9 100 94.7 94.4 

48 57.6 98.8 100 99.5 100 100 99.8 

48 77.0 95.1 96.8 100 100 100 

48 142 98.4 100 100 100 

72 3.9 100 100 100 100 100 100 100 100 

30 24 8.1 44 89 90.0, 'So. 4 

24 9.4 47 94.9 76 77 

48 2.4 100 100 100 100 100 100 100 100 
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v) Effect of i. nr. llldi kith init7. A1 evolution of vhhenhine in the 

ex_nosure period. 

Exposures of similar length which included or did not include the initial 

evolution of phosphine from a particular dosage of aluminium phosphido, Cave 

similar levels of kill (table 63). The concentration towards the and of 

the exposure was therefore considered to control the level of kill obtained. 

B. 1"! ethyl Bromide 

i) CT products required for complete kill 

Eggs of Pyralid moths were quite susceptible to methyl bromide at all 

temperatures (table 64). Variations in susceptibility between species and 

between age groups were slight, but in general the eggs of E. elutella were a 

little more tolerant than other spocies, and older eggs wore usually more 

tolerant than younger ones. The CT product needed to kill all eggs fell from 

63 mg hit at 10 or 15°C, to 21 mg h/1 at 30°C. 

ii) Effect of concentration and exposure period at 120C 

The laboratory stocks of E. elutella and P. intorpunctella were the test insects 

in this investigation, and three age groups of each were treated. Tests were 

conducted at concentrations of 4.2,6.7 and 10.8 mg/l, with exposure periods 

ranging from 1 to 16 hours. The number of eggs selected per treatment varied 

from 100 to 500 as it was desired to reduce the difference between weighting 

factors at doses giving about 50% mortality and those giving higher mortalities. 

Eggs of P. interpunctella are susceptible to cold, and in all tests, eggs wore 

returned to 25°C after 48 hours at 15°C, this time including an initial 

acclimatisation period of not less than 1 hour, the actual fumigation itself, 

and an airing period of at least 24 hours. 

As in tests on eggs with phosphine, mortality assessments %-tore based on the 

number of survivors to the adult stage. Percentage mortalities were calculated 

from the number of eggs expected to hatch, and were corrected for mortality 
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bet ccn hatching c. :d adult cmergonco in the controls. Table 65 cummarisen 

the results and prescnto LI) 50 and 99.9 valuca obtainod from eye-fitted 

plots of probit mortality aCainot, log. CT product. 

To investigate the interaction of concentration and exposure time, the results 

for each age group of eggs were subjected to a probit analysis in which tho 

concentration and time components of the CT product were treated separately. 

$n account of this method is given by Finney (1952) in his examples 18 and 19. 

Regression coefficients b1 for concentration and b2 for time were calculated 

using the following equations relating sums of squares and products: 

Sxly = (Sxixi) bi - (Sxix2) b2 

£x2y = (sx2x2) b2 - (Sx1x2) b1 

The values and standard errors calculated for bi, b2 and b1-b2, are set out 

in table 66. In all but one of the six age groups tested, the difference 

between b1 and b2 was exceeded by the standard error for this value. Thus 

the regression coefficients for concentration and exposure time were similar, 

and it was assured that the data could be adequately represented by expressing 

dose in CT products. 

The data from each concentration level were therefore combined together with 

doses expressed as CT products to estimate LD 50,90, and 99 values (table 67). 

At the 7,, ö level, heterogeneity was significant in two of the six groups, but 

the corrected fiducial limits for each LD level remained quite close together. 

The eggs of E. elutella proved more tolerant than those of P. interpunctella. 

At all chosen LD levels, there was no overlap between the fiducial limits of 

the most susceptible batch of E. elutella and the most tolerant batch of 

P. interiunctella (p, the probability of batches being similar = <0.001). 

The youngest eggs of P. interpunctelln were significantly more susceptible 

than older eggs (p =<0.001 at all LD levola). In F. clutella, 2-3 day-old 
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eccs were significantly more tolerant than you, E"er aZCF nt thr T, 1L 50 and 90 

levels (p =< 0.001), but not at the Li) 99 level. 

iii) susceptibility of laboratory and field stocks 

Eggs of all stocks proved quite susceptible to iethyl bromide. LD 99.9 values 

obtained from eye-fitted probit lines ranging from 35 mg h per 1 for 1-2 day- 

old eggs of the field stock of L. kuehniciln, to 72 cog rß/1 for 0-1 day-old eggs 

of the laboratory stock of E. elutella, were recorded at 15°C (tables 68-71). 

At 25°C, the range was 18-30 mg h/l. At 20 and 25°C, slopes of probit lines 

were higher than at 15°C. All stocks were similar in that eggs agod 2-3 days 

proved the most tolerant at the LD 50 level, with the exception of the 

laboratory stock of P. interpunctella at 15°C. In this case, eggs aged 1-2 

days appeared very marginally more tolerant than 2-3 day-old eggs. After 

further analysis (table 67), it was found that the difference was significant 

at the LD 50 level (p =< 0.001), but not at the LD 90 or 99 levels. 

Between stocks of the same species, differences in the susceptibility of eggs 

of similar age were call, and only in the case of E. elutelln at 20cC was the 

difference between stocks greater than the difference between ago groups of the 

sane stock. These results were subjected to a mathematical probit analysis 

(table 72). Eggs of the field stock aged 0-1 or 1-2 days, proved more 

tolerant at the LD 90 and 99 levels than those of the laboratory stock 

(P =< 0.001). Heterogeneity within batches rendered the difference between 

batches of 2-3 day-old eggs insignificant, although in both ctock3 2-3 day-old 

eggs were significantly more tolerant than younger eggs at the LD 90 level 

(p =( 0.001). 

Calculated LD 50 values closely resembled results obtained by eye-fitted lines, 

and further analysis of results was considered inappropriate because of the 

small differences between batches, a low number of degrees of freedom available, 

and the likelihood of high variation within batches containing eggs differing 

in aeo by up to 24 houru. 
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TABE: 63. Percentage mortalities of e_re s ar ed 0-1_ days ox-posed-Ito 

thosrhine concentrations rising from zero with the 

breakdown of Phcetoxin relletc, and to ^tpbilizod 

concertrations. 

TEMP. 
e 

EXPOSURZ CT Ehh 
i0)LC1 elutella ; 

ErhJ estia 
kueh iella 

ncostia 
cnute)_] p 

Plodia 
, 3_nterr "'ictel1a C (HCLýS) 

mg iß/1 LAB ý'IELD1 T FIS LAB LD LAB 'r'IELD 

20 72 27.9 R 85 92.9 97.5 100 86 95.1 67 78 

26.8 S 78 73 100 92.1 100 98.4 ' 47 64 

25 48 16.1 R 91.8 92.7 100 99.4 100 98.7 100 92.8 

18.7 S 99.0 93.4 99.3 99.5 93.0 100 100 99.2 

30 24 8.1 R 44 90.6 89 90 

9.4 S 47 77 94.9 76 

R= RISING : Concentration rising from zero at 

start of toot 

S= STABLE : Concentration at maximum at start 

of tent 

-1 
90 



TABLE 64. Concentration-tine products (Mc- h/l) of Methyl bromide 

required for complete kill of different n'e mroupn of 

storage moth egL-sat a ranCo of temperatures (2 stocks per 

species tested. 

SPECIES 

Ebhestia 

elutella 

Ephestla 

kuehniella 

ERhectia 

cautella 

P1odia 

interpunctella 

AGE IN DAYS 
AT 25°C 

iP 'ºT1RES °C 

10 15 20 25 

0-1 63 63 53 26 

1-2 63 63 42 26 

2-3 63 63 53 30 

3-4 63 53 30 

0-1 63 53 30 22 

1-2 63 32 30 22 

2-3 63 53 36 26 

3-4 53 36 26 

0-1 ALL EGGS 53 36 22 

1-2 KILLED BY 53 41 30 

2-3 14 DAYS 53 41 30 

3-4 AT 100C 63 41 30 

0-1 ALL EGGS 47 29 22 

1-2 KILLED BY 47 29 22 

2-3 10 DAYS 53 35 26 

3-4 AT 10°C 53 35 26 

30 

21 

21 

21 

17 

17 

17 

17 

21 

21 

21 

17 

21 
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SABLE 65. nriatio^ in the cuccettjbility of throe tiMe Croups of 

phestia elutella and Plodia irterouncte11c eZo with 

three concentrations of methyl breride at 15°C. 

AGE OF EGGS IN DAYS AT 25°C 
INSECT 

CONCENTRATION CT PRODUCT 
m&/1 mg h/1 

0-1 1-2 2-3 

kill ELM 
Ll)y9.9 

kill L20 
ßy9.9 y kill ý 

ß99.9 

PLODIA 4.2 21.1 66 20 28 
25.3 80 20 33 46 
33.7 99.2 +ro 8o b1 86 57 

STOCK) 63.0 100 100 100 

6.7 20.0 59 13 29 
26.6 87 1 38 2 52 
33.3 98.2 88 88 52 
46.6 100 100 99.6 

10.8 10.8 12 0 0 
21.5 69 18 

' 
19 27 23 26 

26.8 86 r7 36 55 59 53 
32.2 96.8 75 86 
53.2 100 100 100 

EPIESTIA 4.2 21.1 12 14 0 
25.3 35 25 29 3.7 8 

(LAB 33.7 65 70 68 ý$ 24 71 STOCK) 63.0 100 100 100 

6.7 20.0 20 10 0 
26.6 38 29 28 2 8.4 A 
33.3 69 -71Z 74 70 23 9 
46.6 94.1 92.5 89 

10.8 21.5 16 11 0 
26.8 37 Z 31 29 4.8 Z88, 
32.2 51 70 44 -$ 18 68 
53.2 97.0 98.4 96.0 

(100-500 eggs per eüposure, / kill corrected for control mortality) 
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66 of :"t ýC'"rCC^1C~ c ^E cic ti bl r , -, ., CF's 

for coccntration na tic of c. -ocurc f r. toÜtc n; -ntnct orrc 0 

Lrhoctia clatclla and P1odi; intcrrur te11n with r: r-thyl bro^ido 

at 150C. 

SPECIES 
AGE 0 EGGS 

AT 25°C 
CONCLNTRATION 

b1 + S. L. 
TII' 

b2 + S. L. b1 - b2 _ . ý" rý. CTG:, 

Ploäia 0- 1 7.86 + 0.55 7.99 + 0.51 - 0.12 + 0.25 <I 

(Lab. 1- 2 10.28 + 0.89 10.58 + 0.84 - 0.30 + 0.42 2.56 
Stock) 

2- 3 9.67 + 0.56 9.60 + 0.53 + 0.07 ± 0.25 (1 

EDhestia 0- 1 7.21 + 0.59 7.55 + 0.54 - 0.34 + 0.42 2.19 

(Lab. 1 -2 7.71 + 0.44 8.47 + 0.40 - 0.75 + 0.28 
Stock) 

2 -3 12.13 10.57 12.38 0.57 - 0.25. t 0.38 (1 

S. E. = Standard Error 
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TABLE 67. Probit analysiu of the coribi ned rc:.; ýý. tc of ter, Gr, w: i th three 

concentrations of methyl bromide at l 
, 
')OG n ̀ningt differcrit ar 

groups of cam; s of Plodia intcrpurci; c1_1n cnd F. ý. ý:;; tire eltatcý. 1 x 

(LD values calculated as C'i' producto in r: g; ]2, /l). 

LD VALUES 16-WI111 FIDUCIAL 

Eý T AGE OF LIMITS IN PARENTHESIS SLOPE IHEThROG GR 
EGGS (DAYS) b -ENZ; ITY OF 

INSECT ° OR C tOh AT 25 C) +S. E. T FA I 
LD 50 LD 90 LD 99 

Plodia 0-1 19.3 27.2 36.1 8.55 01 9 
(20.3,18.0) (28.1,26.5) (38.5,34.3) 

r+0.59 (Lab. 
1-2 27.5 36.2 45.2 10.78 2.8' 9 

Stock) (28.5,26.5) (39.0,34.3) (51.3,41.5) +0.98 

2-3 25.5 34.5 44.2 9.74 c1 9 
(26.1,24.8) (35.9,33"40 (47.5,41.8) +0.55 

Ephostia 0-1 29.6 43.5 59.5 7.67 .1 10 
(30.6,28.5) (45.4,41.9) (64.3,55.9) +0.38 

(Lab. 
1-2 30.5 43.2 57.3 8.48 2.63 10 

Stock) (31.9,28.9) (46.3,40.9) (64.7,52.6) +0.67 

2-3 37.8 47.7 57.7 12.69 41 9 
(38.7,36.9) (49.2,46.4) (6o. 5,55.4) ±0.58 
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T . 3L1 6E. Su se rtib liter of err- of the ltibcrri*-; " rind f; old , toc', - of 

rlodi interx_arctell to r:, QthyI bro, ni do. 

FL2CLIJAGz; 
r Cý CvirTkuL i"0} T, LITY 

LTOCK : LABCRATGRY HELL 
AGE (DAYS) : 0- 1 1-2 2-3 0- 1 1-2 2-3 

Temp. Dose 
(°C) (mg h/2 ) 

13 10.8 12 0 0 5 
20.7 + o. 8* 65 17 27 58 14 11 
26.1 + 0.8* 84 36 52 90.5 44 22 
33.0 + 0. S* 

" 
98.1 81 87 97.8 88 61 

46.6 100 100 99.6 100 100 99.3 
53.2 100 100 100 100 100 100 

LD 50 (mg h/1) : 19 27 26 19 26 30 
LD 99.9 (rIS h/1): 45 55 54 44 49 53 

20 11.8 20 10 0 25 31 
17.6 95.1 66 13 73 66 0 
23.5 100 98.8 79 98.1 90.0 74 
29.3 100 100 100 100 100 98.6 
35.1 100 100 100 100 100 100 
40.9 100 100 100 100 100 100 

LD 50 (mg h/1) : 14 16 21 15 16 22 
LD 99.9 (mg h/1): 22 29 30 29 30 33 

25 10.5 36 8 0 24 0 
14.6 95.2 80 52 72 74 32 
18.2 100 98.7 94.9 89 98.6 86 
21.8 100 100 100 100 100 99.7 
26.1 100 100 100 100 100 100 

LD 50 (rig h/1) : 11 13 
. 14 13 13 16 

LL 99.9 (mg h/1): 19 21 23 24 21 23 

Rechts for sin, ilar CT products in thron tents coribirod for 

laboratory stock 

- 195 - 



TABLE 601. of e:. ý - of ; quid fiele ti. Lockf; of 

L heebtiu kuehniella to methyl bromide. 

PERCENTAGE ! ORTALITIES CORRECTED 
FCR CC: ' ROL ICRTALITY 

; STOCK : LABORATORY FIELD 
AUE (LAYS) : 0- 1 1- 2 2- 3 0- 1 1- 2 2- 3 

Terap. Lose 
(°C) (mg h/1) 

15 10.8 22 11 6.0 0 1.5 30 
21.5 84 74 18 70' 78 30 
26.8 89 95.9 72 80 94.8 63 
32.2 95.7 100 93.8 93.7 100 85 
53.2 100 100 100 100 100 100 

LD 50 (mg h/1) : 17 15 21 21 18 22 
LD 99.9 (cue h/1) : 48 38 49 48 35 53 

20 12.1' 49 52 8.2 61 50 14 
18.2 96.5 96.7 56 93.9 98.7 49 
24.3 100 99.8 91.0 99.7 100 89 
30.3 100 100 99.3 100 100 100 
36. x+ 100 100 100 100 100 100 
42.4 100 100 100 100 100 100 

LD 50 (mg h/1) : 12 12 18 12 12 18 
LD 99.9 (mg h/1): 25 26 36 26 22 35 

25 10.5 67 70 39 42 61 18 
14.6 97.7 98.5 97.8 85 90 60 
18.2 100 100 99.5 99.1 36.5 91.9 
21.8 100 100 100 100 100 99.7 
26.1 100 100 100 100 100 100 

LD 50 (mg h/1) : 9 9 10 11 10 13 
LD 99.9 (mg h/1): 19 18 19 22 23 25 
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TABL:. U. luccoýýilýility of e -c of the 2 n'ýor: ýtor"v ri I? fick ., took o TABLE 

Ephestin cautella to methyl bro°iide. 

... 7C::; ýT1`. GL 10RTNLITIE CORRECTED 
G3 C0: ý1 ýi, i : l; &TrºýITY 

wTOCK : LAB CRJ T 02Y FIELD 
AGL (DAYS) : 0- 11 -2 2-3 0- 11 -2 2-3 

Temp. Dose 
(°C) (Mg h/1) 

15 10.8 2.3 0 
20.0 37 5.9 2.6 59 0 0 
26.7 66 38 33 83 27 10 
33.3 81 87 40 90 68 40 
46.6 99.6 100 95.0 100 98.8 96.4 
53.2 100 100 100 100 100 100 

LD 50 (c g IV 1) : 24 27 31 21 32 36 
LD 99.9 (rn h/1) : ;6 43 58 48 +8 54 

20 * 12.0 + 0.2 5 11 
17.9 + 0.3 41 32 16 65 33 44 
23.9 + 0.4 86 78 53 96.1 73 69 
29.8 + 0.5 98.9 98.9 90 100 97.9 90.8 
35.7 + 0.6 100 100 99.4 100 99.6 98.6 
41.6 + 0.7 100 100 100 100 100 100 

52.4 100 

LD 50 (mg h/1) : 19 21 23 16 20 20 
LD 99.9 (mg h/1): 36 36 44 30 38 114 

25 10.5 10 21 
14.6 . 79 55 0 74 41 0 
18.2 99.4 71 61 95.4 59 50 
21.8 100 99.3 95.0 100 80 93.3 
26.1 100 100 100 . 100 98.2 96.9 
30.3 100 100 100 100 

LD 50 (mg h/1) : 13 15 18 13 17 18 
LD 99.9 (mg h, /1): 20 25 26 1 23 31 30 

"* Laboratory and field otoc'cs fumi ttecl in ueturato teýtý' 
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TAIBL 71. Suscer. tihilit;; of e, °s of the 1, o: borntoi, v E .d field iL ceks of 

ýýphe. ýtia olutellr to methyl bro. -aide. 

PLRCZNTI GE iý4CRT. +LITILS CGRRECTED 
i CR CON TROL i: ORTtLITY 

STOCK : LABORATORY FIELD 
AGE (DAYS) 0-1 1- 21 2- 3 0- 1 1- 2 2- 3 

Temp. Dose 
(°. C ) (zng VI) 

15 20.7 + 0.8 16 12 0 25 8 0 
26.1 0.8 37 28 5.4 46 36 9.4 
33.0 + 0.8 62 62 22 70 81 25 
46.6 94.1 92.5 89 97.5 94.6 87 
53.2 97.0 98.4 96.0 
63.0 100 100 100 100 100 100 

LD 50 (mg h/1) : 29 30 38 27 29 37 
LD 99.9 (rig h/1): 72 69 67 67 65 66 

20 12.0 + 0.2 15 2.8 
17.9 + 0.3 70 47 14 57 1.9 0 
23.9 + 0.4 90.9 83 45 74 63 16 
29.8 0.5 99.3 98.6 72 95.9 88 40 
35.7 + 0.6 100 100 98.5 97.8 94.3 64 
41.6 + 0.7 100 100 100 97.5 99.1 95.9 
52.4 100 100 100 

LD 50 (mg h/1) : 16 19 25 18 24 30 
LD 99.9 (mg h/1): 36 38 43 50 48 53 

25 10.9 34 51 
14.6 82 64 17 68 41 12 
18.2 97.9 90 69 98.4 74 40 
21.8 99.5 99.3 89 100 98.7 86 
26.1 100 100 99.4 100 100 98.8 
30.3 100 100 100 100 

LD 50 (rig tß/1) : 12 14 17 11 16 19 
=LD 99.9 (mg h/1): 25 25 29 23 25 30 
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TABL 
21 72. ? robit Ar_ýlvýzs to compare the Cf e, "s of 

laboratcrv (LAB) and field stocks of : p. estia elu: ella to 

methyl iranide at 20°C (LL values calculated in car h/1)_. 

. '., D VALUES WITH FILUCIAL 
AGE OF LIMITS IN PARENTHESIS SLOP:: iiETEROG LEGP S 

STOCK EGGS GAYS b -r NEITI Or 
AT 250C) 

LD 50 LD 90 LI7 99 - 

LAB 0-1 16.2 23.0 30.7 8.38 . 41 4 
(17.5,14.6) (25.3,21.3) (36.1,27.5) +0.73 

1-2 19.0 25.4 32.1 10.21 41 3 
(20.6,16.7) (27.7,23.7) (38.4,29.1) +1.07 

2-3 25.0 34.0 I 43.8 9.57 9.21 3 
(30.7,2.6) (1677,28.3)( (>105,33.8) +2.86 

FIELD 0-1 17.7 29.0 43.3 5.98 2.29 5 
(26.0,13.0) (34.2,25.7) (63.7,36.1) +0.95 

1-2 22.6 31.3 4o. 8 9.10 41 4 
(24.6,19.7) (33.5,29.5) (47.0,37.4) +0.96 

2-3 31.1 39.3 47.6 12.57 3.87 4 
(33.5,27.5) (49.7,36.3) (63.7,42.2) +2.05 
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C. vbrPrvn, "%-ict; s or, I'z- ~ütion : arg : ̀ or^ 

i) Delay- of hntchin Lind mortality 

In general, it was noted that the hatching of eggs surviving fumigation was 

delayed. In tests on eggs of E. elutella with phosphine, in which exposure 

periods ranged from 1 to 8 days, delay was less than the period of exposure, 

but in tests with methyl bromide, in which exposure periods never exceeded 

16 hours, delay was always greater than the time spent under gas (table 73). 

Investigations on other species Gave comparable results to those obtained for 

E. elutella. With methyl bromide, exposures giving mortalities of below 50%, 

in general gave a delay of about 1 day at 25°C, while those giving higher 

mortalities Gave a delay of about 2 days at this temperature. With phosphine, 

delay was less obviously linked with mortality, and was represented more 

accurately as one half to threequarters of the exposure period, provided that 

come hill was recorded. 

Counts of hatch alone were inadequate in assessing fumigation efficiency, as 

fewer adults were produced than would have been expected from the number of 

eggs hatching. Often, when hatch was low, no adults at all were produced, 

indicating that mortality occurred during the larval or pupal stages. 

ii) Adults produced from surviving eggs 

Although no detailed records were made, it was observed that the emergence 

of adults developing from eggs surviving fumigation, began a day or two 

later at 250C than adults in the controls. At lower temperatures, longer 

delay;, were encountered. No deformities were observed in the mouthparts 

or genitalia of adults developing from eggs fumigated with either phosphine 

or 'iethyl bromide. When a comparison was made with adults obtained from con- 

trols, the weight at emergence, and the fecundity of survivors from either 

fumigant, were normal (tablo 74). The fertility of cogs laid was normal. 

- 200 - 



3. NON-DIAPAU.; I G LARVAE AND PUPAE' 

A. Fhoci ninc 

The tolerance of non-diapauninj larvae and pupae to phosphine war; ]. ow 
(table: 75 and 76). iA CT r. roduct of 6.2 nl; h/1 killed oll non-dial, auoinE, 

larvae, and 15.3 mg h/1 killed all pupae, under all condition:; tested. 

Tolerance to phosphino was lower the higher the tempercturo. The longest 

exposure periods giving the same OT product were the moot effective 

(table 76). 

Pupae aged less than 3 days at 25°C were more tolerant than older pupae, 

which, in the case of L. elutella and E. kuehniella, were destroyed at 

25 and 15°C by 2-day CT products of 1.3 mg h/1 and 3.5 mg h/1 

respectively. Some younger pupae (table 76) survived CT products of up 

to 9.8 mg h/1 at 15°C, and 2.8 mg h/1 at 25°C. 

Of the four species, P. interpunctella showed the lowest tolerance, and 

E. kuehniella slightly the highest in most instances, particularly at 

low temperature. Differences between laboratory and field stocks 
(table 75) were small. 

B. Methyl Bromide 

Like phoaphine, methyl bromide was highly toxic to pupae and non- 
diapau3ing larvae (table 77). At 15°C or above, a CT product of 64 mg h/1 

was sufficient for complete control of both stages. In contrast to 

results with phosphine, tolerance to methyl bromide was decreased only 

slightly at higher temperaturez. In tests on 0-3 day-old pupae of 
E. kuehniella (table 78), there was little change in LD 50 values read 

from eye-fitted probit lines at 15,20 or 25°C. The LD 99.9 

decreased only from 75 mg h/1 at 15°C to 62 mg h/1 at 25°C. 

Pupae older than three days proved less tolerant than younger pupae in 

all species, and were killed by CT products of 32 mg h/1 at 20 and 25°C 

and 43 mg h/l at 15°C. Younger pupao required higher CT products 
(tables 77 and 78). 

Generally, 0-3 day-old pupae were acre. tolerant than larvae. At 10°C, 

however, fully grown larvae of the field stock of _%. ceutella were more 
tolerant than pupae of all species and were of equal tolerance to some at 
15°C (table 77). Larvae of the laboratory stock of E. cautella were 
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not tested at 10 °C, but at 15°C were much leas tolerant than larvae of. 

the field stock. Apart from this ijolated case, differences between 

the Fucceptibilitic3 of species or ctocko to methyl bromide were small. 

C. Observationo on Survivors from Fumigated Pupae 

In contrast with results for eggs, adults of nornul appearance and 

longevity, which emerged from pupae fumigated with either phosphine 

or methyl bromide at levels giving considerable mortality, generally 

showed a reduction in fertility. The number of progeny obtained from 

E. kuehniella adults selected from batches of pupae fumigated with 

either phosphine or methyl bromide, was less than half the number 

obtained from an equal number of adults from unfumiguted pupae 

(table 79). 

After fumigation with phosphine, many adults successful in emerging 

failed to expand the wings properly, and died within a few hours (fig. 43). 

Weighing pupae and adults before and after emergence indicated that 
. 

whereas the weight loss after emergence from unfumigated pupae was about 

25 to 4oäß of the pupal weight, imperfect adults of short longevity 

emerging from fumigated pupae often showed weight losses in excess of 

505iä (table 80). With methyl bromide, adults from fumigated pupae often 

failed to free themselves of the pupal case, remaining with wings, legs, 

or abdomen trapped. Adults not successfully completing emergence, or 

dying soon afterwards, were counted as dead in assessing results. 

Examination of genitalia and mouthparts revealed no deformity in adults 

emerging from fumigated pupae. 

4. FUMIGATION OF LARVA IN DIPP. --. USE 

In longer exposures, diapausing larvae were more tolerant to fumigation 

than other stages of the life cycle. Very high tolerance was shown to 
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73" r h-: trl, i i. r, of er - of r:: ýeýLi3 ýlýtell^ (laboratcr; 

&to, 'O rurvivintr 2'umiration with uhosphine and rethyl bromide. 

ýAl':: r'ý QE GVIFÜäITiON 

.r Ui IOANT 
AND ..,: .:: - .,.. º; c. ZURVIVING 1vul. 1ii' ., r. AýrGE FC. r' 

TO ý.: ý'. T HATCHIIýti D. D. 

PH3 Cýý; nOL 100 76 82 8- 11 9.9 + U. 8 
\ (0.4 m /1 

0 2 100 77 85 9- 12 10.3E 0.7 
1ýt20C 

48 100 63 78 9- 12 10.8 + 0.8 

72 200 23 68 10 - 13 11.4 + 0.7 

500 3 20 11 - 13 12.4 + 0.5 

EeBr Cv:, OL 100 6 7 86 5-7 6.2* 
(7.3 mi/1) 

At °C 1 100 45 73 6-8 7.1 

2 200 24 62 6-9 7.9 

r 300 4 31 7-9 7.9 

3 300 1 10 8-9 8.1 

* 
Staný*arci errors not calculated for eggs at 2506, 

as interval between counts (1 day) was too large 

in relation to the duration of the egG stage. 
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TABLE 74. `rrÖrer v frcör rr »t: , of 4rn; rr of ? tirnlid r ezt hr ^clccted 

fror batchec of f uuniZ ted r=.. d unfurrirnten cured 0-1 

days at 250C (laboratory stocks only). 

I; O:; TALITY TOTAL WT ") NO. OF 
SPECIES 2'tß. EATI-E T IN TREATED OF 4 YOUNG PP. OGENY 

B. %`TCH I :., (rl& 

Plodia CONTROL - 49.5 229 

interpunctella PH3 27 49.8 260 

McBr 36 46.8 218 

Ephectia CONTROL - 45.2 306 

cautella PH3 39 42.6 243 

MeBr 79 47.5 318 

Euhestia CONTROL - 53.7 265 

kuehniella PH3 41 50.1 182 

McBr 67 52.8 249 

Ephestia CONTROL - 41.4 136 

elutella PH3 83 46.0 201 

NeBr 82 42.2 138 

(1) WeiChed within 1 day of emergence 
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� u. J 75, ti-'r z: x, c, rluc: w 1`t-' ice) 

ncýý^nhirv t1int 'ti U eO nil. r, o"ý_di^ýr. ýuýi n^ lary-, e Ord nunr , cf 

1c'bor ter, ('.;.. >) nnc? fi e1ý' ; Aockr, of ýý ? 'yr li ýJ r^rth: . 

STAGE ic^tia 
Mutei r kuc n;. cs11a 

t: i, l 
cýutelltl 

P1oclI 
interk%r. ctclln 

°C LAB i ä: JLD Lam; - r'±T D LiU3 1'IL LU LAB f . '. 
"JIJiJ 

10 LARVAE 1.6/ 1.6" 3.5 3.5 6.2 

PUPAE 11.7 11.7 15.3 15.3 11.7* 

15 LARVAE 1.6 1.6 3.5 3.5 3.5 5.9 1.6 1.6 

PUPAE 7.2 7.2 13.8 8.3 7.2 5.9 5.9 5.9 

20 LARVAE 1.0 1.0 1.7 1.4 1.7 1.7 1.0 1.0 

PUPAE 4.0 4.0 4.0 4.0 3.2 2.6 2.3 3.2 

25 LARVAE 0.7 0.7 1.3 1.1 1.3 1.3 0.9 0.9 

PUPA', 3.4 2.8 3.4 2.8 2.6 2.0 1.3 2.5 

* Adversely affected by prolonged exposure to this temperature 

130-hour exposures 
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ra is tý-, ru C(' 1'FºRLF 76. Enho^ti v c, lu tni ln nnr? 

eri. odr; rat se7. ectcd concc jtratic; ri: o? hco, r. llinc r. 'c hers c: rt ý 

r-orte, itýý of r, u--Ac, cý' (ý-j ; 'ý'. º'r ; 1i ?: ,ý ý1, )ý µý, i. jr ; cýý; ýc)ý). 

EXPOSURE( DAYS ) 

I 8 
oc 2 f 

CTP E. E. CTP L. E. CTS' , eh 
mg h/1 elute11a ku hni_e11.7 rnL h, /1 eJ utrl. l. +. l: uý: }i:: ý. eJ. ltý mg hfl -niolla 

15 0 3 6 

1.6 65 52 

3.5 88 78 3.9 98 83 

5.8 99, 96 5.4 100 96 

7.2 100 92 8.4 100 8.3 100 

8.5 99* 8.6 100 

9.8 99 9.11 100 

13.8 100 

LD 50 1.5 2.0 - - - 

(mg h/1) 

25 0 4 6 

0.7 68 6o 

1.3 88 80 1.4 100 100 

2.6 96 100 2.5 100 100 

2.8 98 97 

5.0 100 100 5.0 100 100 

LD 50 0.45 0.65 - - 
(rig tt/1) 

Estimated result fron a test on all ata, -, es (coo 
FumiGation Results Section 1). 
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T0112,77" C0?: CMIii ? ̂''tion -tire IV! ) J ,i 
"ý... ý.,.. 

bromide thrit ri ], ? "VF. C Of 

C- L')C:: ý; of 

T .; I'. 

°C 

GTýýG: D: ""_'rt1_ 
elutel_la 

LAB . FIELD 

nc(- r i, 
kuc: ýnieii a 

LA13 i IEL1) 

4 :: "`: ý, ý: r. 
ca,. tel. l. ý 

LAB FIEL ; 

}l, c' i "; 
ir. tcri, i: ncte1.1 

LA 3 FILLU 

10 LARVAL' 63 48 63 48 110 

PU PAZ 72 72 72 72 72 

15 LARVAE 53 40 40 40 34 64 34 34 

PUPAE 64 64 64 64 54 64 64 54 

20 LARVAE 37 27 37 27 37 40 31 35 

PUPAE 64 64 64 53 50 64 50 47 

25 LARVAE 32 32 31 24 31 32 24 31 

PUPA; 50 50 53 43 50 50 43 43 

30 LARVAL 25 25 25 25 

PUPAE 1F0 40 35 40 
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TAi3Lir 78. ri'1rt lit? en of i llT ., ý, r'1t ... `ý. ^ 1. 

E ieutir, kuehr: i_e1in (1, ab-, i jt; ar ýi. cýck e>: 1., snd tU t;, c , {1, 

10 -- A. , '. o tayl : 2U ar< P", IC (1 )n rýtLiL. " 

er treritý). 

CT PRODUCTS 

r 4/1 

TL, i PE? ATUR'E °C 

15 20 25 

21.0 + 0.5 0 0 11 

26.5 + 0.2 13 20 18 

32.0 + 0.3 37 44 43 

43.0 ± 0.5 82 92.9 89 

53.5 + 0.3 95.9 96.8 100 

64.0 100 100 - 

LL 50 (mg i/1) 35 33 31 

LD 99.9 (rig h/i) 75 66 62 
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rj! 

"BJ. JLI 1 wr" 
`J'Jr rte ., rl IJý_ 

ý1 
ý[ ='i) 

^ 
ýýiý.. v1", 

ýw1 

ý1 
ýý! \ýý{iý c1?. 1' 

,. 

Al_Lý 

froirý iu. ir rýtcc3 . -ricl unfurairatcd be t. chý:: ý of 10^x; ýv^. 

CONTROL 1W iICAT D 

FUMIGANT ' , ' 
i": ci TALITIES 

OF WT T. OF , . . 
4+ NO. CF 

FI OG1 NY MORTALITY (rý5) FRck NY AS AT ADULT TCTAL 
(mý' ) 

PUP, . CLOSTON 

PHOSPHINE 0 48.6 112 36 16 52 51.7 127 

5" 53.8 207 40 22 62 51.2 104 

0. 52.9 286 46 32 78 50.3 91 

5 53.2 231 69 12 81 52.6 38 

8 50.7 155 58 26 84 54.9 49 

TOTALS 259.2 991 260.? 409 
(5 batches) 

METdYL 7 49.6 143 19 6 25 54.1 174 
BRONID 

0 56.8 416 26 11 37 53.5 201 

4 55.5 331 41 4 45 49.7 67 

10 51.2 95 40 10 50 54.2 0 

o 50.3 72 75 7 82 50.9 14 

4 53.1 196 80 9 E9 48. ) 35 

TOTALS 316.5 1253 11. ßf)1 
(6 batches) 
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TH13J$ 80. L ý. 'C'3 o '( U1 L. 

and frr., -. l r"u ^e fur.; i ýýatýd. t! it'Z 

E >hestia elutella J. rhoutia lýuº hr. i_ý11tý. 

CONTROL CONTROL 
WITH FI13 d, III T; H 3 

NO. OF PUPAE 10 11 3 

IMAN WT. '; ) 13.56 13.98 18. o6 15.40 

IMAN ý", T. OF 
ADULTS 9.68 7.71 12.88 6.83 
Li-GING ý) 

% 1IT. LOSS 28.6 44.9 28.7 55.6 

LONGEVITY OF All )5 All but 2* All) 5 All (1 
ADULTS (DAYS) (1 

ý` One survived 4 days, and the other 7 days. The weicht 

losses at einer once were 32.6; and 36.0`, respectively. 

A higher weight loss, 39.0;. ', was recorded from one 

individual in the control. batch. 

J, 
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methyl bromide in U1 expo,, ýureo, purticul irly r: t low temperiture. 

Diapriuring 1arvaa. o of E. eiuto)1a wu re rnore tolercnt than t} o; .ý of 

P. interpunctellrt, and in both species, field rtock^ proved more 

tolerant than laboratory stocks. Apart; from population density in 

P. i. nterpunctel7. a, no factor involved in the induction or termination 

of diapause Greatly influenced tolerance. 

A. Phosphine 

i) CT products required for complete kill 

Although fairly susceptible to phosphine, diepausine larvae were more 

tolerant than other stages in all exposure periods long enough to span 

the highly tolerant phase in the egg. Longer exposures proved more 

effective than shorter ones of equivalent CT product in achieving a 

particular level of kill (table 81), but the effect was not so marked as 

in the fumigation of actively developing stages. 

In all stocks, increased temperatures generally reduced tolerance, 

although at 10°C two stocks were less tolerant than at 15°C (table 81). 

At 20 °C 
or above, all diapausing larvae succumbed to a CT product of 

18 mg h/1, even in 2-day exposures. The laboratory stock of 

P. interpunctella was particularly susceptible. 

Mortality of diapausing larvae was often delayed until the pupal stage. 

Sometimes, the pupation moult was not completed, and a monstrosity was 

produced (fig. 45). 
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(i. i) ? ", 'ffect cf exror; urc nrr7_ýcý ryYýd rý^cr. ntrý. tý , z, 

The efficiency of phocphine in achiovin o. particular level of kill. dec7_S n, ýd 

as concentration v-as increased and exposure tii:. c was correspondi n-ly 

decreased. However, it was possible to calculate C'T products for selected 

mortality levels, as, over restricted rangen of exposure time, the chance 

in efficiency was small, and results were not significantly heterogeneous 

at the 55' level. (table 82). These ranges of exposure time varied according 

to temperature and the species or stock tented. With diapausint; larvae of 

P. interpunctella, which were quite susceptible to phosphino, the ranges 

were narrow, and as it was often invalid to avorace the results of tests 

with concentration levels separated by a factor of two, results at certain 

temperatures have not been entered in table 82. 

At 15°C, diapausing larvae of P. internunctella were tested at concentrations 

rising to about 0.1 and 0.2 me/l (table 83). In the 0.2 mg/1 test, some 

exposures were run from the addition of tablets or pellets to the chamber, 

while others were begun after the initial evolution of gas. As a result, 

different concentrations of phosphine were prevalent during different 

exposures. In the field stock, higher mortality was observed in longer 

exposures than in shorter ones with a higher CT product, and in the analysis 

of results based on CT products (table 83), marked heterogeneity occurred 

and fiducial limits became incalculable. The same peculiarity was observed 

to a lesser extent in the results for the laboratory stock, but departures 

from linearity in the regression line were not significant at the 5% level. 

Because of the obvious influence of exposure time, results for the two stocks 

at 0.2 mC/1 were subjected to a further probit analysis, supplanting log. 

CT product with loh. tine (table 84). 

detected in results for either stock. 

No significant hotoroconeity was 

For comparative purposes, exposures 

calculated for LD 50 values were converted t3 CT products by multiplyir. ý-, by a 
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concentration of 0.155 ri(VI., which was tho nvernce concentrat)_un of the 

40-hour test expn£ure. Lip value n calculated in thici wry in the ) iborv tory 

stock were a little higher than th, );; a calculvto-I directly from CT j; rc2--z(, ',; c, 

while in the field stock they were lower. 

When both stocks of. P. interpunctella were tested tit 3 concentrnnti. on levels, 

at 20°C, no significant difference occurred in the results obtained for the 

laboratory stock at 0.04 or 0.10 mC/1 (table 85). At 0.20 md/l, however, 

diapausing larvae were significantly more tolerant at the LD 50 and 50 levels 

than at either 0.10 or 0.04+ mJ/l (p = <0.001), as the 95fiol fiducial probability 

limits calculated for either the LD 50 or the LD 90 in the test at 0.20 mß11 

showed no overlap with their counterparts in tests at lower concentrations. 

The field stock of P. interpunctella was more tolerant at all three calculated 

LD levels at 0.1 or 0.2 mg/l, than at 0.04 m&/1 (1) -< 0.001). Although much 

higher CT products were required at each LD level at 0.2 mC/l than at 0.1 m&41 

fiducial limits overlapped considerably, and the significance of difference 

between these tests was of a low order. At the LD 90 level, neither set of 

limits included the LD 90 value calculated in the other test, indicating a 

significance of difference of p= (0.02. At the 3 concentrations tested 

(table 85), the field stockcf P. interrunctella was significantly more 

tolerant than the laboratory stock at the LD 90 and 99 levels (p = (0.001}. 

At 25°C (table 85), each stock was tested at only two concentrations, but once 

again higher CT products were required at each LD level in the tests at the 

higher concentrations. In the laboratory stock, differences between tests 

were significant at the LD 50 and 90 level-, (p =<, 0.025). 

In tests against diapausing larvae of E. elutelin at 10 and 15°C, (table 86), 

laboratory and field stocks responded differently. At 10°C, although both 

stocks showed higher susceptibility at the lower concentration, the 
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R si_gnificnnce of difference was low as fiüuci a1 ii. rýýi t,, wrre pride. At 1r'°C, 

with a concentration rising to about 0.1 Mr; /1, the laboretory stock was 

significantly more susceptible than with coilcentrationo rising to rbout 0.2 

or 0.4 mc/1 (p =(0.001). No significant difference occurred between results 

for the field stock at concentrations of 0.1 - 0.4 miji. 

At 20°G (table 87), the laboratory stock was significantly more tolerant at 

the LD 50 (p ti M001) and LD 90 (p =< 0.025) levels at 0.2 mg/1 than at 0.03, 

0.05, or 0.1 mg/1. The field stock was more tolerant at a concentration 

rising to approximately 0.4 mg/1 than at 0.05 or 0.1 mg/l, the significance 

of difference varying with the LD level selected. At the two concentrations 

to which both stocks were exposed, the field stock was significantly more 

tolerant than the laboratory stock (at LD 90, p =< 0.001). 

In contrast to all previous tests with phosphine, the field stock was most 

highly tolerant at the lowest concentration tested at 25°C, which reached a 

maximum of about 0.04 mg/l (fig. 46). The very high LD 90 and 99 values, and 

wide fiducial limits calculated in this test, occurred because the fourth 

and fifth exposure periods gave little more kill than the third exposure, 

indicating that a threshold concentration for mortality had been reached 

between the 4th and 10th days. By the fourth day of the test, which was 

conducted in a 14,0001 brick-built chamber, the concentration was about 

0.03 mgfl, and by the 10th day, it had fallen below 0.02 mg/l. 

Of the remaining tests at 25°C (table 87), both stocks of E. elutelia were 

significantly Hore tolerant at the LD 50 level (p =4 0.025) at 0.25 me/1, than 

at other doses tested. 

iii) Effect of tccitcriture 

Because of the chances in susceptibility to phosphino with concentration 

(see A. ii), a concentration level was chosen that was efficient aoairst 

diapausing larvae over the whole temperature range to be investigated. The 
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TAB1'ß ý1. Cý:, nceýar. "ýýi, n_t-fir -ýducf ý(, iý,, �ýý , ý.. tý t�_ýr,. ý.. _; ý 

for co'r-'toto Col-tröl of r? inýt in 7_. 't"., ý, f'tor 1''Ciý_ 

exrposure iperiod. z at 10°C - 3C"C. 

TEMP. 
°C 

�ý: r'GSVRE 

(DAYS) 

Euhestin elutellfa 

LABORATORY STCCI FIELD STOCK 

Piodin into-, zrurct: rli e. 

LADCRATCRY STOCK FI LrJ SICCI: 

10 4 < 8.6 33.1 < 8.6 8.6 
8 - 36.3 - - 

16 - 36.8 - - 

15 2 21.9 44.4 7.7 11.2 
4 17.9 34.9 8.4 8.4 
8 - 18.9 S. 3 8.3 
9 - 20.1 - < 9.4 

16 (. 16.9 16.9 - - 

20 2 8.5 18.0 2.3 8.5 
3 7.2 13.8 2.6 7.2 
5 - 12.3 - 5.9 
7 7.9 - - 

10 - 10.8 - 

25 2 9.1 10.5 1.7 3.8 
3 6.9 8.7 - 4 - 9.3 - L 3.3 

10 ( 6.7 ( 6.7 - - 

30 2 7.0 7.0 - - 
3 6.7 6.7 - 

KEY 

Complete kill at this, the lowest CT product tested 

Survival at this, the hiChect CT product tested 

Not tested at this exposure, or only at CT products hi-her than 
those Eivinc complete mortality in a shorter exposure. 
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Fig. 45. Larval-pupal transitionals produced after 

fumigation of diapausing larvae of Ephestia 

elutella. 

UPPER: The larval skin has split and has 

moved forward, but the head capsule 

remains unchanged. During the attempted 

moult, the larva became stuck to a hair. 

LOWER: The larval skin has split (noticeable on 

metathorax and first 4 abdominal segments) 

but has not moved, leaving head capsule 

larval legs and bristles in situ. 

a 
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I 
irr{1BL:, 8 2. Th^ 

iýcn (cýr P1odi. r 3ntertuncto1irx to jho hire : r, rn en o . 
ý' cx To u re t 

which iii Yro iuc' y con be UScd to C>rr'r:; l, ii Vt11. uc i: i V: i1 ^1'. 

i: e*ý ; eroýtures (. ': ý; vr., luor and f: iducinnl (i+') li:: dts ej. iressed in 

r; ' hW. 

SP'. ýCI ES 
ANT. ) 

STOCK 

TEi": P. 

°C 

LD. 50. 
+F 

LIMITS 

SURE 
:. r. 

LFOR 50 
(IHR) 

LU 90 
+F 

LIMITS 

P CUR1 

1T`' 
J 

LL 1 
(IR) 

9'? LL 
+ 1'1 

LIMITS 

H..: PC- 
SUR, "j 

I. 

r9 L9 
(Hfl) 

ll 

ICI ; 2TIA 10 3.9 37-52 5,9 46-70 8.2 57-93 8 
LAS. (4.5,3.0) (7.9,5.0) (14.2,6.; ) I 
STOCK 15 6.4 35-42 10.6 46-61 16.0 59-87 20 

(7.0,5.6) (13.0,9.3) (23.2,13.0) 
20 2.5 30-86 4.6 4, -168 7.7 77-30f 36 

(2.7,2.3) (5.2,4.2) (9.5,6.7) 
25 2.8 27-81 4.7 41-149 7.3 61-269 15 

(3.2,2.3) (5.8,4.2) (10.5,6.0) 
30* 2.6 c. 26 3.8 c. 110 5.1 c. 55 6 

(3.2,2.0) (5.5,3.1) (9.6,4.0) 

EP1M"'TIA 10 6.7 50-78 13.4 83-144 23.5 130-258 15 
FIELD (7.9,5.1) (19.1,11.2) (49.1,17.2) 
STOCK 15 7.3 38-86 12.5 51-133 19.4 67-197 30 

(7.9,6.6) (14.3,11.3) (24.6,16.6) 
20 5 58-1111 8.2 82-1115 11.3 110-21x3 24 

(5.9,5.0) (9.1,7.6) (13.5,10.1) 
25 3.6 33-40 5.8 50-61 8.5 70-88 12 

(4.1,3.1) (7.4 5.1) (13.6,6.9) 
30* 3.1 c. 33 , 4.3 c. 46 5.7 c. 61 5 

(3.7,2.5) (5.9,3.6) (9.4,4.5) 

PLOUTA 10* 3.1 c. 44 4.2 c. 55 5.4 c. 65 8 
L. ̂. B. (3.5,2.2) (5.6,3.7) (10.3,4.5) 
STOCK 20 1.2 16-34 1.6 22-46 2.1 27-59 18 

(1.3,1.1) (1.8,1.5) (2.5,1.9) 

PLODIA 10* 2.9 c. 42 4.3 c. 56 5.9 c. 70 8 
FIS (3.4,2.1) (5.7,3.7) (10.8,4.8) 
STOCK 25 1.4 17-20 2.2 23-28 3.2 30-38 27 

(1.6,1.3) (2.5,2.0) (3.8,2.8) 

'` Only one test analysed at these te!:; ý: eratures 
D/F = Decrees of freedon 
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TABLE 83" Zuccer'tibility of O±j t1ur111' ZFZ1"VHe of t'ý_ C 1"`L .l 
flt', f''i 1 'lf'i; týý 'ý 

to hor phi ne at I. j .;: %ý C, -,? r, �I, t, -r' 4 
. ý_ý. 

Z 

in rn hj. 

L: TCCK 
NOMINAL 

CONCH. 

LD VALUE '�ITli FILU'CL'. L LI; RIT..; 
Ii' YAR'liýT}I: ýýI. ` ;. 'LOF'T; 

b 
': -T G- 
:. '+. I'I"i 

DDGI2FYä 
c ", 

h/1) + :.,.:. FREED0 

LD 50 I'D 90 LD 99 

LAB 0.1 2.7 4.0 5.4 7" `_, 8 41 6 
(3.2, i. 6) (6.1,3.3) (14.5,4.3) +2.03 

0.2 4.3 6.4 9.0 7.26 <1 12 

('p. 8,3.8) (8.1,5.6) (13.3,7.3) +1.20 

FIELD 0.1 3.5 5.2 7.2 7.212 <1 5 
(4.0,2.9) (7.7,4.4) (14.3,5.6) +1.46 

0.2 4.0 7.7 13.3 4.44 5.1) 10 

_ - - +2.50 
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E. Ou;: cco, -tibili. t of dirtl, ru.;;.. n ]. ý ý"vý. c of 1'1 t iss Inter, "-, Qto2l 

to nt 1 5°L : :L. 1,:; vral. ur Of 

e. -c, cc-ure for-the tC; 3t rtt 0.2 :. ' ý_ . 

UNITS 

Ii VAIX-;:: WITH : '' ". liC ?" 
III 

T 
bTOGL OR b 

I ESU LTN 1, D 50 LJ 90 LU y 9 +., .L. r , ". C ý. t 

LAB HOURS 26.5 46.0 71.8 5.39 4.1 12 
(30.5,22.6) (62.4,38.8) (122,55.1) +0.88 

Inn Ivi 
with 4.1 7.1 11.1 

0.155 (4.7,3.5) (9.7,6.0) (18.9,8.5) 
ri /l 

FIELL HOURS 25.4 41.7 62.4 5.96 <1 10 
(29.0,21.4) (54.8,35.6) (110,49.0) +0.97 

I1g h/i 

with 3.9 6.5 9.7 
0.155 (4.5,3.3) (8.5,5.5) (17.1,7.6) 
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TATll g; 
" 

'SLlt'l; fýr}ii)7.1.1 tý`r (7 i' f'! "tY^-7ý: 1" 1^. ý, -, or i3 � _,,. ýý�f. ý,. ' 

v r] our concrrtrnt i. önl= of rlirls'1ii y -it nn 
, rno 

Cf1CI, ', i., -, CCM £An; ü 1.: 
' ll). 

...... .... rte ... ý.. ý...... :. ý. w 

L:; Vi: LL:..:: 1`. II : UC1. ºýý 
TMIT. STOC: i: L'Ii1ST. ý 

b Ü-ai1"j12'Y G' 
G :of1 +S. L'. ' 

LD 50 I,. ) 90 LD 99 

20 LAB. 0.04 1.3 1.6 1.9 13.62 <1 9 
(1.4,1.2) (1.8,1.5) (2.3,1.7) +2.00 

0.10 1.1 1.7 2.3 7.31+ <1 3 
(1.3,1.0) (2.1,1.5) (3.5,1.9) +1.24 

0.20 1.7 2.5 3.3 8.29 <1 13 
(1.9,1.5) (3.1,2.2) (4.8,2.7) +1.26 

FIELD 0.04 1.4 2.3 3.4 6.20 41 13 
(1.6,1.3) (2. '1,2.0) (4.51 2.8) +0.73 

0.10 2.5 3.9 5.5 6.85 <1 14 
(2.8,1.1) (4.7,3.5) (7.91 4.7) +1.13 

0.20 2.9 5.0 7.7 5.59 <1 10 
(3.4,2.5) (6.5,4.3) (12.4,6.0) +0.69 

25 LkB. 0.04 0.82 1.1 1.3 11.04 <1 4 
(0.92,0.69) (1.5,0.95) (2.5,1.1) 42.31 

0.10 1.2 1.6 2.1 9.76 (1 7 
(1.3,0.89) (2.5,1.4) (5.4,1.7) +2.81 

FIELD 0.10 1.3 2.0 3.0 6.20 <1 15 
(1.5,1.0) (2.4,1.3) (4.1,2.5) +0.92 

" 0.14 1.8 2.4 3.2 9.08 <1 10 
(2.0,1.5) (2.8,2.2) (4.0,2.8) +1.33 
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0 
Ta13IZ 86. ""w cet, ti bil. it: w of dir Al , o:. irn; 11>! 1'vrlr- of c; t; h< " ý. _ rý p)>>i: oJ l_7 to 

VFiri ous cosicotai, Ktitons of 1,11o hi ne nt 10 rind 1ýýC (Lý "/ 1to: 

c. ni culatea in r,:. h/1) . 

I 

TL, "; P. &1'uCt{ C oNCN. Li) VA(, )iL. t"r1 TH F IDU( IAL 
Llh(I7' 11; 1'A (i r_; 1ý`I'lli : ýl'S Ak)Pr; 

°C m /1 b+ TY OF 
g ` ä. E. FACTO} FRET: 

LD 50 LD 90 LD 99 

10 LAB. 0.1 3.8 5.5 7.3 8.19 .1 4 
(4.8,2.1) (13.8,4.4) (47.8,5.5) +2.28 

0.2 4.1 6.4 9.2 6.60 <1 4 
(5.7,1.8) (16.5,4.6) (61.0,6.4) +1.76 

FIELD 0.1 6.1 12.1 21.1 4.31 <1 8 
(7.6,2.4) (39.8,9.1) (320,13.6) +1.38 

0.2 8.0 15.4 26.3 4.51 <. 1 8 
(10.0,5.5) (21.5,12.4) (55.49 19.1) +0.87 

15 LAB. 0.1 3.0 4.7 6.8 6.51 <1 7 
(3.5,2.2) (7.2,3.9) (16.2,5.2) +1.54 

0.2 6.7 10.9 16.1 6.07 <1 12 
(9.4,5.9) (13.7,9.5) (24.5,10.3) +0.94 

0.4 7.0 12.7 20.5 5.02 <1 8 
(8.4,5.7) (17.0,10.5) (33.8,15.6) +0.73 

FIELD 0.1 7.7 11.3 18.0 6.29 <1 9 
(8.8,6.6) (16.7,10.4) (31.0,13.9) ±1.06 

0.2 6.3 13.1 23.8 4.05 (1 10 
(9.5,3.5) (24.9,10.6) (103,16.0) +1.08 

o. 4 7.4 12.5 19.3 5.59 <1 7 
(8.9,5.2) (16.7,10.5) (34.7,15.0) +1.08 

- 220 - 



TABLE 87. Susconi: i. bilit of c3in^riu, inrr lnrvn poi ý; ý7l, rýntin 0.111t, fll_ to 

various concentrations of hornhino nt 20 and 

(I vt: l ucs cn). culated in rn, ý ]. ). 

TEMP. STOCK CONCH. LD VALUES WITH YIJ)UCIAL 
LIMITS IN PA1 EflTHLSIS SLOPE Irl" 

b+ -�Ii ; I`PY Uli 
S. E. FACTOR FRE. JDCM 

°c n&/. l LD 50 LD 90 LD 99 

20 LAB 0.03 2.4 4.6 7.8 4.61 <1 19 
(2.7,2.2) (5.5,4.1) (10.4,6.4) +0.46 

0.05 2.9 4.8 7.2 5.82 <1 7 
(3.4,2.2) (6.2,4.0) (11.5,5.7) +0.95 

0.10. 2.4 4.7 8.2 4.36 <1 10 
(2.9,1.9) (6.2,3.9) (12.8,6.3) +0.56 

0.20 3.9 6.4 9.5 6.05 <1 8 
(4.4,3.5) (7.6,5.6) (12.8,7.9) +0.71 

FIELD 0.05 5.8 8.1 10.6 8.88 <1 15 
(6.3,5.3) (8.8,7.3) (12.7,9.40 +1.04 

0.10 4.8 8.9 14.7 4.73 1 7 
(5.8,2.6) (14.3,7.3) (48.0,10.6) +1.20 

0.40 7.1 11.9 18.3 5.64 <1 12 
(8.0,6.0) (14.8,10.4) (27.3,14.7) +0.85 

25 LAB 0.04 2.7 4.8 7.9 5.02 c: 1 11 
(3.1,2.3) (6.1,4.2) (11.4,6.3) +0.62 

0.14 2.8 4.6 6.8 6.03 1 7 
(3.5,1.9) (7.3,2.6) (25.0,5.2) +1.80 

0.25 3.8 6.1 8.8 6.44 <1 13 
(4.3,3.3) (7.1,5.4) (11.9,7.4) +0.91+ 

FIELD 0.04 4.4 23.0 88.8 1.78 <1 11 
(5.0,3.7) (64.3,14.7) (607,38.8) +0.93 

0.10 3.7 6.1 9.3 5.75 <1 6 
(4.5,2.3) (12.2,5.0) (38.1,6.7) 11.52 

0.14 3.6 5,5 7.8 6.90 c1 5 
(4.3,2.5) (8.0,4.6) (16. o, 6.1) +1.45 

" 0.25 5.2 7.5 10.2 7.85 <1 11 
(5.7,4.5) (8.7,6.8) (13.3,8.8) ±1.12 
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Fig. 46. Threshold concentration of phosphine at 25°C 

for mortality of diapausing larvae of Lphestia 

elutella (field stock). 
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4 

level chosen was 0.1 mß/1 against the field stock of E. c]uto 11n. º; 'x1ccted, 

tolerance was generally reduced with increased temperature (teblo 88), but 11; 

15°C, tolerance was greaLer at the LD 50 lc, -cl than at 1000 (p 

The effect was not noticeable, however, at the LL 90 or 99 level r;. At 30°C, 

the LD 50 was reduced to approximately one half, and the 1-1,, 99 to approxim"Itely 

one quarter, the result at 10°C. 

Some of the results already presented (tables 81,82,86 and 87) have indicated 

that temperature affects the susceptibility of different stocks in different 

ways. Fig. 47 gives a comparison of the LD 50 and 99 values for all stocks at 

10 to 30°C, based where possible on the averaged results of several tests at 

each temperature. Where there was difficulty in avera&ing results because of 

heterogeneity, the test showing the highest efficiency of fumigant action was 

used in the comparison. Two peculiarities were noted. Firstly, the laboratory 

stocks of E. elutella and P. interpuncte]. la changed little in tolerance at the 

LD 50 level as temperature was increased from 20°C. Results at 30°C were not 

obtained for P. interpunctella, as diapause is terminated rapidly at this 

temperature. Secondly, two stocks were more tolerant at 15°C than at 10°C, 

and the other two, the laboratory stock of P. interpunctel]a, and the field 

stock of E. elutella, differed little in tolerance at those te. mTc ratures. 

iv) Effect of method used to induce diapause 

Batches of larvae of the laboratory stock of E. eiutelia were reared at 20°C 

under an 8-hour daylength, a 12-hour dayl. ength, and under a daylenCth shortening 

from 12 hours by 3q minutes per day. Samples of larvae that entered diapause 

under each licht system were then fumigated at 20°C with phosphino at 

0.1 mg/1 (table 89). No significant differences in susceptibility worn obc rued 

between samples of larvae fron different batches, and no heterogeneity wtis 

observed when a probit analysis was performed on all fumigated samples tcether. 
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6 

v) J; fi'cýýt of r. ethod i, ned to ter-Inn1. e (li vi Mari p 

6- Britches of diapnusing lnrrvae of i:. 23-11121111 (laboratory ctocl: ) tasted nt 2ü`C 

at about 0.03 mg/1, were placed under vn. rious conditions for the tez'i in; -t. ior 

of diapauco to observe the effect on survival. After correction for control 

ºaortality, the groups were subjected to probit rin,, 1yris in various; coalýnat, on, 

(table 90). No differences between batches proved significant at the ', ' level. 

No heterogeneity was observed when all results were combined rind annlyred 

toCether. 

vi) Effect of 1enGth of time in dinpauae 

Batches of diapausing larvae of the field stock of E. elute]. la held rat 20°C 

under an 8-hour daylenCth for different lengths of tire, were furniCatcd with 
1 

0.4 mg/1 phosphine at 15°C (table 91). Variations in the levels of hill 

obtained within batches that had been in diapause about 1,2 or 3 ionthu were 

not significant, and the susceptibility of Z. ciutella in diupause was found 

to be fairly stable. No heterogeneity occurred in an analysis of results for 

all three aGo groups combined together. 

B. Methyl Brcriide 

i) CT products required for complete kill 

Diapausing larvae were highly tolerant to methyl bromide at low temperature. 

At higher temperatures, the susceptibility of di. npausinc larvae of 

P. interpunctella was greatly increased, while in D. ei. utella changes in 

susceptibility were slight, and diapausing larvae remained highly tolerant 

at 25 or even 30°C (table 92). As with phosphine, field stocks showed a 

higher tolerance than laboratory stocke. 

ii) Effect of concentration and oxoosuro toriod 

With methyl bromide concentrations between 4.0 and 10.3 r&/1, there were no 

significant differences in the susceptibility of either stock of E. c1ute1] 
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at the LU 90 1evol. for tiny tc:: t tct, wr"itu rc (table: (, 13 and 94). In 

P. ixiterpunctella, coy o variation bctwccn rouuit;; occurred at 2U°v in both 

stoc1: s. Li the 17boeritory .. tc ck (table 9 ), larvae fu:: fit; ated at 4.0 ;:; /i 

were zignif icantly more tolerant at the LL 10 and 90 levels thr. n larvae 

fu: riiF, ated at 6.7 ; 1,. /1 (p =<0.001), or at 10.3 º: ntf l (p = (0.025). In the 

field stock (table )G), larvae fumigated at 6.7 mj; /l were riCnificc". nt] y more 

susceptible at these LD levels (p 0.025) than larvae funigation at 4.0 or 

10.3 mG/1. These results do not suggest that either concentration or length 

of exposure caused the observed variation. No significant heterogeneity was 

recorded in any test with either P. interpunctcllu or E. olutellr.. 

iii) Effect of ten erature 

For each stock, the available results at each temperature were combined -Md 

analysed from a single probit regression line. No heterogeneity occurred in 

results for E. elutella (table 97). In the case of Pinterva cttella (table 98), 

where difference. - in susceptibility between tests of different concentration 

at 20°C had been noted, a chi--squared test in the analyiis of results for the 

laboratory stock, revealed heterogeneity at the 7% level. However, the 

calculated chi-squared value was not significant at the 2.5'o' level, and the 

heterogeneity factor was low. In the field stock, results at 20°C were 

combined without incurring heterogeneity at the 5; 0 level. 

In contrast with results for phosphine, laboratory and field stociw were affected 

similarly by temperature. In both stocks of F. elutel. la (table 97, fie;. +8) 

the susceptibility of diapausing larvae at the LD 50 level varied only slightly 

between 10 and 25°C. At the LD 90 level, however, the increase in r ceIitib2ity 

at temperatures rising from 15 to 25°C blas more marked, but larvae appeared 

more susceptible at 10 than at 15°C. In both stocks of P. inte: punctel1,,. i 

(table 98, fig. 48), susceptibility was more clearly related wo temperature, 

raxirruri tolerance at the L: 50 and g0 levels occurring at 10oC. 
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TABL_L M. iffoct of tp: , erLlturC (, tl 1 }1(. 

to yhon ; .. _. _... _ 

0.1 .. ̂. ý 1. -, D values cnlculfitect it rh I). 

TLI T. 
oC 

LO VI: LU C I. -1M Li FII L'CIAL 
L1IiITS IN PÄRý: 'Tiiý; ülC SLOPE 

b G: h, Y Ci 
+3. E. 

LD 50 LD 9O Li) 99 r 

10 6.1 12.1 21.1 4.31 '1 8 
(7.6,2.40 (39-3,9.4) (720,13.6) ±1.30 

15 7.7 11. E 18.0 6.2) (1 9 
(8.8,6.6) (16.7,10.4) (31.0,13.9) +1.06 

20 4.8 8.9 14.7 4.73 ý1 7 
(5.8,2.6) (14.3,7.3) (t+8. o, 10.6) +1.20 

25 3.7 6.1 9.3 5.75 (1 6 
(4.5,2.3) (12.2,5.0) (33.1,6.7) +1.52 

30 3.1 4.3 5.7 8.80 ý1 5 
(3.7,2.5) (5-0,3.6) (v'. 4,4.5) +1.,. 6 
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Fig. 117. Temperature and susceptibility of diapausing 

larvae of A. Ephestia elutella and B. 

Plodia interpunctella to-phosphine. 
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LI1Lýý.: 
ý 

8 a" 7 frC}c l? t1ýý1: r ý' 'i+ n "L , 7., Cj 4 -ýY' C. '1ýý. ý 

dipx"-ru:. r, ]. ýrvrýc :, '' ': ahcý.. ti n cluttllr 

0.1 su, ý. isýý. '. s7ý; c .ý : 0°C (Lý výýue cY? cý. 1 tcc? i. ia ; 
ýý. ý. 

LL VALUL3 WITH r IDUeIAL LI. iIT3 
LIGHT CONDITIONS IN YAR.. NTIEGIS L1: GTü:: Ü 

FOR Iif UCTI0i1 H/. -, '* Gi, 
(HOURS PER DAY) 11 EL1. C'ý 

LD 50 LD 90 LD 99 

8 2.3 4.6 8.1 <1 4 
(3.5,0.7) (14.8,3.0) (96.8,4.8) 

12 2.5 4.4 7.1 <1 3 
(3.8,1.1) (13.6,2.9) (59.0, 'E"4) 

12 (SH01 NING 2.4 5.1 9.3 <1 4 

BY 3ýff L", I . /LAY) (3.5,1.3) (12.3,3.5) (47.7,5.6) 

ALL GROUPS 2.1E i 
.7 

8.2 (1 10 
(2.9,1.9) (6.2,3.9) (12.8,6.3) 

* H, /F = Heterogeneity factor 
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TILB'I:. 90. T'ffect of : ethcr? of terr. ii. r, rtin cli; 2j uro on 

of dLazauý-ýinrrr l? rvue of Epph tit, elutel. la Uaborttor 

to U. 0 mý J ho. s hino at 20°G (7; ü vrjJ. uý cý1rrý1^tý_1? n_ 
.z 

LL' VALULýý; 'e'I` JI Lll ITw 
II 'CR CONDITIC IN ; "1-1H1,11- .,,;.. _.,. fJ Jý. iL4 

TERMINATIO: I II/] * C 

CF DIAPAÜ;: j' 
LD 50 LD 90 LD 99 

2 OR 4ýýEEIiºý. 
0 2.5 4.9 8.8 <1 ýf 

C, THEN AT 2.5 (3.2,1.7) (11.0,3.7) (37. `?, 5.6) 
20°C, 16 HR LIGHT 

2 OR 4 WEEKS 2.4 4.5 7.3 (1 4 
AT 10°C THEN 

°C 6 112 LIGHT (3.2,1.4) (10.3,3.4) (39.5,4.9) 
,1 20 

25°C, 16 HR LIGHT 2.6 4.8 7.8 (1 4 

(3.3,2.1) (8.0,3.8) (18.8,5.4) 

10 OR 2.5°C*FCR 2.2 4.0 6.5 C1 7 
2 lEE S OR LESS, =11 (2.6 1.7) 3.4) (5.5 (11.8,4.9) 
200C, 16 HR LIGHT , , 

10 OR 2.5°C FOR 2.7 5.4 9.5 4 
4 sZExs, THEN 
20°C 16 HR LIGHT (3.5,1.7) (14.4,3.9) (59.0,5.9) 

, 

CHILLED OR UNCH. ILL, 1, D 2.4 4.5 7.6 ýl 13 
BL CH N ENLI:,: G UP 
AT 20°C 16 IHK LIGHT 

(2.7,2.0) (5.8 3.8) ' 
(12.31 5.9) 

, 

ALL GROUPS 2.4 4.6 7.8 <1 17 
(2.7,2.2) (5.51 4.1) (10.4,6.4) 

* H/F = Heterogeneity factor 
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TABLE 91. "f fect of 1_en, -th of time in 
_dý 

ýcý: pur e on the cur: cc )t ibil. i. ty 

of diapausin larvao of Ephostia olutella (field stock) 

to 0.4 1 ). iosphinc at 15°C. (L; values calculated in 

ma h 1). 

LD VALUES WITH FIDUCIAL LI IITS 
WEEKS IN IN PARENTHESIS H/F DEGREES 

DIAPAUSE AT OF 
20°C, 8 HR. LIGHT ý ? DEi1Ur'' 

LD 50 LD 90 LD 99 

3-4 7.4 12.5 19.3 41 7 
(8.9,5.2) (16.7,10.5) (34.7,15.0) 

7 .. 8 7.4 11.4 16.8 <1 6 
(9.1,4.9) (16.2,9.5) (32.4,13.0) 

14 - 15 7.2 12.2 18.9 <1 5 

(9.0,4.3) (18. o, 9.8) (43.1,14.1) 

ALL GROUPS 7.3 12.2 18.6 (1 22 
(8.2,6.3) (14.2,10.9) (24.2,15.8) 

* H/F = Heterogeneity factor 
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TABU' 92. Concentration-time producto (, m- hZl) of rethLi]_ bromide_ 

required for complete control of disvnwasinr lnrvno tit 

10_300C. 

TEMPERATURE Ephestia elutella Plodia interpunctelin 

eC LAB STOCK FIELD STOCK LAB STOCK FIELD STOCK 

10 216 280 144 216 

15 210 
. 
261 105 158 

20 157 188 53 8,1 

25 125 183 32 64 

30 92 122 - - 
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TABLE 93. IF 

chi nr. r, u; ý. ýýF 1nrvr ý: Effect of concentration on the rurcet)tibi ] itv of 

of the laboratory stock of Ephestin o1uto1l to riothyl bron i clo 

(LD valuer, calculated in rig h/1). 

TEMP. CONCN. LI) VAJ4U S WITH FIL'ýCIAI, 
LIMIT: IN 'IS . SLOPE 

b+ 
IVI" L:: Gr; I1;: S 

Ur' 
S. E. FREEDOM 

°C Mg/1 LD 50 LD 90 LD 99 

15 4.2 68.3 126 208 4.81 41 11 
(80.9,49.2) (164,108) (369,160) +0.91 

7.0 79.7 147 243 4.80 <1 13 
(93.0,63.2) (188,126) (386,191) +0.76 

20 6.7 70.0 104 144 7.41 <1 1+ 
(87.8,34.6) (151,81.9) (345,113) +1.75 

10.3 75.7 118 170 6.61 I'1 11 
(85.3,67.5) (155,102) (264,136) ± 1.02 

25 4.0 75.6 96.9 119 11.85 (1 7 
(82.2,67.7) (112,88.7) (150,105) +1.83 

6.1* 60.5 95.0 137 6.55 <1 11 
(67.1,53.2) (110,85.2) (175,117) +0.74 

9.2 69.5 95.2 123 9.37 (1 8 
(79.2,60.7) (120,83.0) (176,102) +1.50 

* Temperature fell to 23°C in first day of test. 
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TAI3 
L-ý 

94. 'i recL of CCJ' C^: ]ýý'. " i: J Ca? f:? i; il"Cý'ý i: ti)lý fn f' ý' 

1-rvr c' of tho'. fif'lr! 1: Ctc'` ir}, ýý ] "1 A1�! ,. 7 j t- "ý 

broinide (L:: valuo;; cz). cu7. nt, ýu in rr ̂  h/. l). 

TEND. CONCN. 
LD VALULS d'ITIi i'ILUCIAL 
LIMITS IN PAI Nä1L 3IS :? LCr2 

b If/I. ' 01.1 
° C nLV1 +S . E. 1,11RE (A 

LI) 50 LD 90 LD 99 

15 4.2 93.3 152 227 6.03 <1 16 
(lo4,81.2) (190,133) (339,183) +0.94 

7.0 83.2 163 281 4.40 (1 19 
(99.9,61.5) (195,141) (408,227) +0.67 

20 4.0 77.8 114 153 7.91 <1 6 
(95.9,60.2) (165,93.3) (287,121) +1.62 

6.7 8o. 4 115 153 8.31 (1 8 
(89.9,68.8) (134,102) (206,132) +1.19 

10.3 86.6 127 175 6.21 (1 10 
(96.9,77.4) (157,112) (243,11111) +-1.06 

25 4.0 77.6 109 144 8.63 (1 13 
(85.5,67.0) (123,99.6) (160,127) "1.2v 

9.2 74.9 115 164 6.83 0 8 (84.1,66.2) (134,102) (217,137) +0.80 
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TOM 95. Effect of c oncer: trrita r- n- i, ̀  

lnrvno of the 1riborýat_r_rv ; tnck of Floc? irý ir1tr! r, urictollra Ix 

C^ý. C. 7ý ^`Cf: Yll i", "I . 
ý. ý 

" methyl brcr. icc (ý+� yF. tiircn 

TEMP. CONCN. 

LD VALUE: WITH FI; 1UCIAL 
Lli'[IiS III PAi2ENTlý13 .. L01-L 

b 10, 
ll . Gi2 ;S 

C-- 

oC nCli LD 50 LD 90 LP, 99 

15 4.2 30.8 67.6 128 3.76 41 9 
(42.6,11.1) (104,51.3) (429,89.2) +0.99 

7.0 31.5 59.7 100 4.61 (1 13 
(37.7,22.7) (77.9,50.6) (177,77.3) ++0.86 

20 4.0 29.6 47.0 66.1 6.68 (1 10 
(33.0,24.5) (57.0,41.2) (103,54.4) "1.24 

6.7 21.2 31.7 43.9 7.39 4.1 11 
(24.2,16.9) (40.2,27.8) (70.5,36.0) +1.52 

10.3 23.8 35.9 50.1 7.21 (1 5 
(25.5,14.1) (45.7,28.2) (81.8,30.7) _3.39 

25 4.0 16.3 22.4 29.0 9.32 <1 8 
(18.2,12.5) (34.1,19.8) (69.2,23.7) +2.61 

9.2 16.2 2.1.1 26.2 11.17 l, 1 11 
(18.3,12.2) (27.8,13.6) (46.8,22.1) +2.76 

I 
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TABLE 9E. :t "ect of co: iccntrnt±ci. ýý t11r ý, u cc; 1) i ?. it T)r>>. ý: ý_, 

I rtoc' 

i oth; 'i brci: iide (Li) value, -, calct'L teal iri 
-r 

r' h l). 

TE1. iP. CCNCII. 
LI) VALUES : "iITH FILUCIAL 

LTIIITä IN `l'F;: "I'. ' k. ýýýw:. 
b i-ß/1' 

LD 50 LD 90 LD 99 

20 4.0 30.7 50.6 76.0 7.198 <1 12 
(33.8,27.2) (63.0,411.4) (113,61.5), ' i0 ., 6 

6.7 24.7 39.1 56.8 6.42 (1 11 

(28.0,20.2) (48.0,34.3) (83.1, t+6.8) +1. o6 

10.3 33.9 510 81.1 6.15 K1 10 
(39.1,26.4) (66.4,47.7) (120,66.8) -1.06 

25 4.0 29.0 48.8 74.5 5.67 (1 12 
(33.1,23.7) (62.6,40.7) (111,58.9) +0.90 

9.2 24.7 40. o 5;. 3 6.14 c1 15 

(29.1,20.8) (50.0,34.9) (84.1,48.6) +0.88 
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TABLE 97. : lffec: t of tri-morrzture on thr ruc cr. '; tihýlý 11: 7 c, ° c'3 

r]C. 'ý(ýý'ý. h"ý' !" ýý"f j lt'jý) iC> Cý4 14- (ýY... T2t7 

f? 7Cýhý%'lrý; iý: 1. [ýr ýT 'ý: ýýt)C ý C; 7; 
_it1ýýýýC'. ̀.... _.:.. _ 

ý... 
_"ý _4ý. 

rit, '", n - rat .. 

LD VAl U ý;., '. /ITII FL)UCIAL 
L: Ii' 

L 
C I- 1 

LD50 LD90 L: 1 99 

LAB 10 89.6 137 1)4 6.93 C1 5 
(108,45.6) (233,114) (699,149) +1.89 

15 71.9 139 239 4.45 <1 26 
(81.3,60.2) (162,125) (325,198) +0.56 

20 74.1 111 153 7.38 (1 17 
(80.7,67.5) (130,99.3) (201,130) +0.95 

25 72.8 97.8 124 10.00 41 16 
(78.1,67.0) (107,90.9) (145,112) +1.10 

30 35.9 61.6 95.6 5.48 01 5 
(44.0,25.7) (84.7,50.3) (173,72.9) +0.92 

FIELD 10 89.6 152 234 5.59 (1 10 
(104,69.0) (198,131) (400,184) +1.05 

15 89.7 162 261 5.02 41 37 
(98.3,80.0) (181,147) (320,22G) +0.47 

20 81.7 118 158 8.37 41 28 
(88.8,77.5) (131,110) (185,141) +0.81 

25 75.7 110 150 7.83 (1 21 
(81.3,69.6) (122,102) (177,134) +0.78 

30 40.8 72.2 115 5.17 <1 10 
(49.4 29.8) (92.0,60.3) (180,90.6) +o. 86 

, 
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T1J3I.. J 98. r; ffrct: of to ter,, t i, r"n an the rur tai'ity of 

of ltiboratory nr, d 11-010 rtc'ck., of IJndi_v intrr-unctel. l. r, 

rnctý1,; ý broi i cie (?. ll y'11uE!, -, cni cuýi ytf, Cý Jnr'ý-J,, ) 

. STOCK TEL-. 'P. 
LII-dTs IN PARLýý 1! ESIS SLCF.. 

b+ IVF 
LEG}: }: '.. 

°C LD 50 LD 90 LD 99 

LAB 10 44.8 74.4 112 5.83 41 14 
(52.5,35.2) (91.8,64. o) (165,91.2) +0.96 

15 29.3 ' 63.9 114 4.15 <1 21 
(37.2,23.5) (80.2,55.1) (188,91.7) +0.70 

20 24.1 41.8 65.3 5.39 1.60* 26 
(27.5,19.1) (52.1,36.8) (106,52.2) 11.04 

25 16.3 21.7 27.5 10.23 <1 18 
(17.?, 14.1) (26.6,19.9) (41.1,23.7) +2.13 

FIELD 10 49.9 114 225 3.56 <1 18 
(60.7,36.5) (143,96.9) (360,172) +0.53 

15 36.6 75.8 137 4.06 <1 18 
(43.7,27.9) (99.2,40.2) (234,104) +0.66 

20 29.0 119.5 76.6 5.52 <41 33 
(32.2,26.6) (56.3,44.2) (97.0,65.5) +0.59 

25 25.8 43.8 67.3 5.60 41 24 
(28.3,23.0) (51.4,39.2) (90.4,56.1) +0.71 

* iietoroEencity sicnificant at 5% level, but not 2.5; % level. 
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Fig. 48. Temperature and susceptibility of 

diopausing larvae of A. Epheetin elutella 

and B. Plodia internuncte11a to methyl 

bromide. 
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iv) Wffect or method used to induce ýýiztn , lake 

Larvae of P. inter matelln reared at 25'"C in darkne :i with 10 in. ticoct-I per 

grain of food, wore �ignificantly more c u:, ceptible to methyl bro: ic; e 

(p =40.025) at all calculated LD levels, thu: i larvae reared under an 88-hour 

daylcngth at 20°C with 2 larvae per Gram of food (table 99). 

Diapausing larvae of the laboratory stock of E. elutelia reared under an 

8-hour daylength at 20°C were compared with others reared under a daylenf; th 

shortening by 31 minutes per day from 12 hours, in a test with methyl brol'1: 1de 

at 23-25°C (table 100). No significant difference in susceptibility was 

apparent, and a chi-squared test revealed no significant departure from 

linearity at the 5, S' level in an analysis of a regression line fitted to resultr; 

of the two batches combined. 

v) Effect of method used to terrirato diapauce 

After fur, 5. Gn. tion with 4.0 r. -, per 1 ciothyl bromide at 30°C, dinpcvcing lrrvrie 

of the field stock of E. elutella were moved to a 16-hour daylcnEth at 25°C, 

or to darkness at 30°C. Analysis of results (table 101) revealed no 

significant differences at any calculated LD level, and in an analysis of the 

two groups conbined together as one, a chi-squared test revealed no sienificEý. nt 

heterogeneity at the 1ý level. 

vi) Effect of length of title in dianauge 

Batches of larvae of the laboratory stock of E. elutelln that had been in 

diapause under short dsylength at 20°C for about 3 weeks, and for abcut 12 

week;, were exposed to 6.7 m&/1 methyl bromide at 20°C (table 102). Larvae 

that were in diapauso for the longer period, required higher CT products for 

all LD levels; but differences were not siGnificant at the 2. }% level, and 

an analysis of both Groups combined revealed no heterogeneity at the 5`' 

level. 
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C. Týi. s? t^yýit; r Lýt'y^^. ý'1ý? ; ', ~. P^ )'1. t", i; 'ntr*0 wit`l n 11iyturr of 

Methyl Bromide -rid Pho, nhir. e. 

Diap, u;; inC larvae and new-leid cCE; s of 1tüboratory and field stocky= of 

E. elutella and P. internunctella were fumiGated with about 2 m-/1 methyl 

bromide, and a concentration of phooph: i. nc risir. C to about 0.4 mj; /1, for 

exposure periods of 24 and 40 hours at 20°C (table 103). The CT product for 

methyl bromide in 24 hours was expected to achieve at least 99% kill of the 

egg stage of all stocks, about 90-95% kill of diapsucin, -; larvae of 

P. interpunctella, but little kill of dinpansing larvae of ? '. elutello. The 

24-hour CT product for phosphine was expected to achieve little kill. of newly - 

laid eggs, substantial or complete kill of diapausing larvae of P. interpunotella 

little kill of diapausing larvae of the field stock of E. elutella, and 

probably about 50% kill of the laboratory stock. No stages of P. internuinctella 

were expected to survive the 40-hour CT product for methyl bromide, but most 

eggs of both species were expected to survive the CT product for phocphine. 

With diapausing larvae of both stocks of E. elutella, about 50 - 60% mortnlity 

was expected from methyl bromide in this exposure, while the mortality expected 

from phosphine was about 90; % for the field stock, and about 9' for the 

laboratory stock (table 103). 

No survival occurred in P. interpunctella after the 21+-hour exposure. Results 

for diapausing larvae of the field stock of E. elutella, of which each 

fumigant was expected to achieve only about 10 - 20; % mortality after the 24. -hour 

exposure, showed a marked additive effect of the mixture, as the level of kill 

obtained (740 was equivalent to a CT product of 9.2 me h/1 f'r phosphine, or 

98 me iß/1 for methyl bromide, these values being approximately equal to the 

sun of CT products giving 10 and 20; ö kill. Similarly, the level of kill for 

the laboratory stock in this exposure (92%) resembled that for a CT product 

of about 9 ne h/1 for phosphine or 120 mg h/1 for methyl bromide, represcr: tir: C-. 
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TABLE `9. i! ffect r>1' ,, -th-0 rf r? 't ýýrt'. "0 cri t, (- .141.. y' )A' 

dic'i iliyill' ý'tT'Vclý? '" 'ii L-1 A 111t( 1^r UI1Ct. C ý. 7. 'f 
. E.? ]. (;, ; '.; r)Ci: t 

Cc1Cul(f r6 in. 

mr: hl). 

LD ALL-I L 
I'ETHOD ]fCR LTIIITL Ii ii: R%Pd`r:.:.; üiZ; SLOPE 

INDUCTION 0r' b H/i 
DIAPA Z'L +L . E. 

LD 50 I'D yo LD 99 

25°, DARK , 22.8 31.4 40.3 9.22 (1 

10 larvae/ food (25.6,18.4) ( 44.3,27.7) (79.9,33.5) +1.01 

20°C, 8HH LIGHT 29.0 1+8.8 74.5 5.67 4,1 12 

- 16: i. R , (33-11 23.7) (62.6,40.7) (114,58.9) -0.86 
2 larvae/g food 

p values for 
difference at 4 0.025 (0.025 (0.05 
each LD level 
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T1 BL"', 100. h 1, :' ýl ý" x: 11 ý1C ýi' C' "' 
1: v 

1nrvne of ': he_; +.. i e1ýntý11 (1rýbýrýrcýrtcc'ý; to 

6.1 f* 1 rieth_ bru,: do .t 
27"; 

-? 
r%ýC. (I;:, vnlur. rný ru1. tccl 

in m. hi_). 

LD VALUES WITH FIDUCIAL 
MUM OF LIMITS IN PARENTHESIS MT , 00- 1)ýC-tJ?: ý: LA 

DIAPAUSE G: N -1 TY U. ' 
INDUCTION I'ACTGR i': P: EL01"I 

LD 50 11) 90 L: i 99 

20°C, 8 HR 57.0 92.7 138 (1 4 

LIGHT/DAY (74.5,28.8) (199,71.2) (674,97.4) 

20°C, 12 HR 62.9 96.8 138 L1 5 

LIGHT SHORTENING (75.0,49.2) (131,80.7) (232,10°u) 

BY 31 111 N. /DAY 

BOTH GROUP 60.5 95.0 137 41 11 

(67.1,53.2) (110,85.2) (175,117) 
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Tti33LT: 101. -ffect of ;;: othod of ter, An^tinr; c? 7 in, on the puncent; 
_':..,. '_fýl 

of d1 
. týýcuý] rl irvae of L heat p. el tttolln 

L. 0 ri /1 r.; ethyl bra,. lide t 30°C. (LD values calculated il" 

rýý 1). 

LD VALUES WITH I'IDUCI.. L 
CONDITION" FOR LIMITS IN PA ;: ýTICäI H TDRG- : LG:;: ; ;" 
TER INATION OF U.:: +'. ITY C. 

DIAPAUSE FACTOR F1LLDO1 
LD 50 LD 90 LD 99 

30°C DARK 39.8 71.3 115 1 4 

(55.7,24.4) (160,49.9) (504,68.2) 

25°C 16 HR LIGHT 42.3 73.7 116 41 4 

(57.9,26.1) (161,54.5) (475,77.3) 

BOT GR0UPS 40.8 72.2 115 <1 10 

(49.4,29.8) (92.0,60.3) (180,90.6) 
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TABLE 102. Effect of length of tine in din nuse on tho ' 

cuUcc, -t; ci? ity of c7i. r u.; iný° it r"yro of 

Epheetir elutell. a (laboratory : tock) to 6.? mr�1 

methyl bro. -aide n1 20°C (LD v£ilueg, cnlcui, >Lcd in 

i). 

LD VALULL; WITH rIDUCIAL 
WEEKS IN LI1MITS IN PAR NTIL,. SIS IIETDRQG DEG "S 

DIAPAUSE AT -ENLITY OF 
20°C, 8 HR LIGHT FACTOR r'2ty; E LCm 

LD50 LD 90 LD99 

3 70.0 104 141E 41 4 

(87.8,34.6) (151,81.9) (31+5,113) 

12 92.8 121+ 156 L1 7 
(105,46. o) (173,110) (440,133) 

BOTH GROUPS 82.0 118 160 41 13 
(92.2,65.4) (137,107) (219,138) 
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TABLi 103. Su ce ; tibiJ. ity to ti rdx!, ure of rietlt l brc'.; ic: r, nrid ýýha: . 

Of Iyitchet of 100 nowly-Iii±(a Cj; ;, nn(l rý) C: 1i(: 'ýU°'171 1nryi! e 

of : Ti}1C: t] Fý, t`ý. teý f! la 1 find IJ. Ofa1 a ±`1t. C3 t`; i. 1C ýPý. iZ 
" 

HOiT S 
FUl iIGATED 
(AT 20°C) 

CT PRODUCTS 
r.: S h/1 

tloBr PH 3 

ST1kGE 
Cl 

110IRTAL 

-ITIES 

L. Eil utcllr; . 
liz. FIELD 
STOCK STOCK 

I'. intr..: ' _u . 'tdla __r_.. _ .. 
LAB. FIELD 
STOCK STOCK 

0 00 EGGS CO: 1TROL 16 12 10 7 

DIAPAUSING COi'TROL 62 02 
LARVAE 

24 51 5.6 EGGS EXPECTED 100 99ß 100 100 
FOR NcBr 

EXPECTED 00 00 
FORPH3 

OBSERVED 100 100 0000 100 

DIAPAUSING EXPECTED 10 10 95 90 
LARVAE FOR McBr 

EXPECTED 50 20 99 70 
FOR PH3 

OBSERVED 92 24 100 0000 

110 84 12.5 EGGS EXPECTED 100 100 100 100 
FOR MeBr 

EXPECTED 10-20 10-20 10-20 10-20 
FOR PH3 

OBSERVED 00 100 100 100 

DIAPAUSING EXPECTED 
, c0 100 99 

LARVAE FOR HeBr 

EXPECTED 99 90 100 100 
FOR PH3 

CBSERVED 100 100 100 100 
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for each fumigant a oucr of the dot: e:, required for 10 rind 50,; r, ortnl i, f;; . :: a 

evidence for an additive effect wan obtained when no insect; curviveC the 

40-hour exposure, becaure larvae of the field stock of I:. vilAolia ibl(-' to 

survive o dose of phosphine giving ( kill, were therefore unable to t; urvive 

an added dose of rcthyl bromide which would nor.. olly kill little more Lhr)n 

half of the population. 

D. Obs orvations on Adults Developing From Fumir, r. ted 1. iapausi n; - Lnrvao 

After fumigation of diapausing larvae with either ciothyl bromide or phosphire, 

adults subsequently produced occasionally had difficulty in freeing thoinselveo 

from the pupal case, and sonictines wings were incompletely expanded. The 

longevity of such adults was normal. Examination of mouthparts and genitalia 

boiled in caustic potash and cleared in glacial acetic acid, revealed no 

structural deformities. 

For investigations on fertility, batches of 4 females emerging after fumigation 

of larvae in diapause were weighed and were placed over food together with 4 

males from the same fumigated batch. The number of progeny was noted (table 

104). Comparison with control batches revealed that, when kill after 

fumigation with methyl brouide exceeded 40 - 50; ä, the fertility of survivors 

of normal weight was significantly depressed (p = 0.02-0.05). After fumigation 

with phosphino, the fecundity of adults surviving fumigation was not 

significantly different from control samples. Both fumigants were, however, 

similar in hastening the termination of diapause ( see Biological Results 

Section 4H, figs. 42 and 43). After fumigation, subsequent development of 

diapausing insects to the next stage was, in general, hastened. Normally, a 

delay in development is expected after fumigation. 

5. EGGS AND PUPAE IN DIAPAUSE 

Diapauaing pupae of Pieria brncnicne and diapau: ing eggs of Bonbyx mori proved 
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highly tolerant Lo both pho -thine nrid ixthyl bro;, dde, particul.,. i. iy ,I 1', "r 

to perature s. 

A. ,: ae of 

i) Phosphino 

Pupae were fu.. ii�atcd with a cci. centrction of about 0.0.1 at about 

0.8 mp/l at 10°C (table 105). Non-dinpau: int; pupae succumbed to a CT prod-uct 

of 4.7 mg h/1 at 200C, while diapausing- pupae were quite tolerant, riortai. ity 

in the batch exposed to a CT product of 10.8 rmü hfi beiinG no hi ; hcr than in 

the control. At 10°C, three out of eighty diapausing pupae survived a CT 

product of 138 mg h/1 in an 8-day exposure. 

ii) Methyl brosnide 

Pupae were exposed to 10.3 m g/1 rrethyl bromide at 20°C, and 9.2 rl /l at 25°C 

(table 106). Diapausing pupae teere very tolerant to methyl bromide. At 20°C, 

a CT product of 239 mg h, /1 failed to achieve 50; 5 control of diapauein_; pupse, 

while at 25°C, a CT product of 403 mg Yß/1 was required for 100% kill. Non- 

diapausing pupae succumbed to a CT product of 60.5 ! ul 
h/1 at 20°C. 

B. EC. gs of the Univoltine Race of Bo:. ibyx mori 

i) Phosphine 

Samples from four batches of eggs of Bombyx mori were fumigated at 25°C with a 

stable concentration of about 0.5 nß/1 ahosphine for 1,2,3 and 7 days 

(table 107). Two batches were comprised of diapnusing cCcs. One batch had 

been in diapause for about 7 weeks, and the other had fulfilled the require- 

ments for the breaking of diapauso by beine hold at 10C for 6 months. The 

other two groups comprised eggs aged 1-2 days and eggs aged 3-5 days, which 

had been treated with 6N hydrochloric acid in their first day to prevent the 

onset of diapause. All batches showed survival after the 3-day exposure, but 

hatch was greatest in the younger age group of eggs treated for the avoidance 
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of diapauce, mortality beint; less then 10'x. No cj�~; ý. ý nurvivecl the %-ý 1;; 

exposure. 

At 10°C, diapauving eggs were apparently unaffected by a CT prorl-oct of 

73.7 mg h/1 over 16 days. Hatch in batches of about 300 eggs was about 70; ý 

in the controls and expo; =er of 4,8 and 16 doy: 3. 

ii) Methyl bromide 

Eggs treated for the avoidance of diapau: e with 6N hydrochloric acid, acid 

eggs that had been in diapause for about 9 weeks, were exposed in batches of 

300 to CT products of 135,179,222,280 and 343 nig h/i in n test with 9.2 

mg/l methyl bromide at 25°C. Hatch was recorded only in the batch of 

diapausing eggs exposed to the CT product of 135 me h/1 (34; u, compared with 

845, / in the control). 

Batches of 300 diapausing egg: fumigated at 10°C with 4.8 mg/1 icthyl bromide 

for 24,32 and 48 hours (CT products 110,144 and 216 nr, h, /1) grave 91,77 

and 9'j' hatch, compared with 88; 5 in the control. Like phoophine at 10°C, 

methyl bromide was ineffective against cs in dinpause. 
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TAT3L, IA 104. tvur,, ber of X'roý cny (roil rrour: - or four -pn: i rof 

e]_ute7_ic. nclected after e,., er; ei1ce fron beteben of 

fuuu, iL"ated rind rý. -+e: " . 

FUi IIGAIdT 

% NATURAL 
MORTALITY 

BEFORE 
r xý. rýc E ý, ýi: ý. ý 

CONTROL 

1+V. . T. OF 
of ++ s 
mg 

NO. OF 
PROGENY 

$/ 
MORTALITY 

BEFORE 
EI-MRGENCE 

Full"ICATi"J 

AV. WT. O1'' 

4+ +0's 
ýý' 

NO. OF 
PROD i 1*Y 

METHYL 12 44.4 149 66 38.5 
4 3 

22 

B: ýOIßID;: 
0 38.6 

118.7 
126 
173 

52 
44 

5. 
48.9 164 

o '40.9 151 59 42.7 113 
6 43.8 91 75 40.8 17 
7 43.0 222 82 43.6 27 

0 39.9 59 79 50.1 
0 

53 
96 9 45.1 105 90 39. 

5 42.4 84 85 38. 
5 46.0 197 63 5 128 

Totals: 432.8 1357 430.1 801 

Mean and S. E. 135.7 ± 51.9 80.1 + 56.4 

PHOGPHIIM 6 45.3 
44 8 

114 
156 

43 
59 

43.8 
41.6 

82 
137 0 

5 
. 40.6 97 73 41.4 119 

9 48. o 252 811 42.7 
4 +5.8 198 59 8 48 327 

286 2 88 o 
6 

45.4 
42.7 

126 
182 

77 
86 

52.3 
6 2 

10 41.3 203 65 44.8 145 
8 46.5 231 67 

1 
40.2 
49 8 

53 
264 4 43.1 79 9 . 

Totals: 443.5 1638 449.8 1718 

" 163.8 ± 58.8 171.8 + 93.1 
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TLBT ', 105. r? T'i. C11ti^, `'C !. --crtv11t LCr" : "r12112ýC Uf I'1': i 

rafter f orm e; fzti on with ahoy ihi nt- (? ro 
__ 

ontc-; of 

4U y, urae er (-xy)ocure; hold at 2 °C, 16 hcour ; ?. 

for enerrence. ) 

TEMP. 
(°C) 

EXPOSURE 
(HOURS) 

CT PRODUCT 
(mg h/1) 

DIAPAUý; IrtG 
PUPAE 

: VON-D10AUSING 
PUPAL 

10 0 0 22.5 - 
17.5 

48 15.3 32.5 - 
10.0 

96 55.0 30.0 - 
30.0 

192 138 97.5 - 
95.0 

20 0 0 27.5 7.5 
17.5 2.5 

24 0.9 15.0 5.0 
25.0 12.5 

30 1.3 25.0 10.0 
12.5 5.0 

48 2.3 7.5 35.0 
20.0 55.0 

96 4.7 22.5 100 
47.5 100 

168 7.9 42.5 100 
27.5 100 

2110 10.8 30.0 - 
7.5 
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TO 106. orcrr. t c` '", (1rtrl it7 of ýt; t_ rj .I {_ý.. i 

futºi~ýý. t7 0_ ttith " ýt! i b. "ýr i c. ý 
ý? rLý 1= 

-=' 
=-ýý-ý 

-ýýý_ ."' 
iý°r' r'ft 

IC-ýý(ý'ti (r; cit _ý i J"' 

einer erica 

TE? -; P. i: XPUSU: 2 CT PfOiUC'l' INü ;; C; i1-LTA? 'AU I. `ý 

(°C) (h OURS) (rmC h/1) pillA , PUPAE 

20 0 0 35.0 2.5 
20.0 2.5 

3 30.5 - 45.0 
37.5 

4 40.5 17.5 92.5 
25.0 95.0 

6 60.5 15.0 100 
32.5 100 

8 80.4 15.0 100 
22.5 100 

16 157 32.5 100 

30.0 100 

24 239 65.0 
50.0 

25 0 0 7.5 - 
12.5 

8 72.1 15.0 - 
2.5 

16 138 5.0 - 
10.0 

24 210 22.5 - 
40.0 

32 276 90.0 - 
92.5 

48 403 100 - 
100 
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Tr1ß?. E 107. Percontn "c rnort, ^ljl. t: ior of eý°r: r (, f the t n, cl tý ýýo r<7rc c 

ý. ý�, ori a'f: i t'i. tI r. }inrý }ti., r ^t ?` ýC 
Bomb 

(300 eE*ý-s ror trent" ent , hntchii: - nb^ervecl tt 2r"C) . 

UNCIlT' 
EXPU. iUPX CT .r. C1 PRODUC EGGC EMS, IN 

DIAPAUSI1ýG 
G CfITLý L: iý GGG AUE J '"GC 1GLL 

(HOURS) ng h/l LIAPAU, , 'r is Foil 6 1: OidýtiS 
I, AY;; 

AT 25°C 
3-ý I-AYý: 

2J'C AT 7 iýlEEIX 

0 0 23 10 2 11 

24 12.5 18 11 2 15 

48 24.6 27 36 3 21 

72 36.5 63 80 7 30 

168 82.0 100 100 100 100 

S 
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DISCUSSION 

DLVF. LOPIIL TAL ECOLOGY 

Of the four species investigated two occur predominantly in temperate 

zone3, while the other two, although better established in wuimer climuten, 

are more cosmopolitan in their distribution. This is roflncted in the ranges 

of temperature over which development occurs in each cpeciec. Thus heetia 

elutellu and E. kuchniella breed succecsfully at 15 C, but are adversely 

affected at 30°C, while E. cautella and Plodia interpunctella brecd cuccecs- 

fully at 30°C, but will not complete development at 15°C. In E. elutella and 

E. kiiehniella development proceeded from egg to adult at 30C, but infertility ° 

prevented the establishment of a second generation. Similar results for 

E. kuehniella were reported by Brindley (1930). Norris (1933) noticed 

infertility in males of E. kuehniella reared at 27°C. Females mated with 

younger males bore little or no sperm in the receptaculum aeminalis. The 

number of unsuccessful pairings was increased with high rearing densities, 

probably as a result of increased temperature. Raichoudhury (1936) found 

that tubules in the testes of males emerging at 270C contained immature 

spermatozoa, and few mature sperm bundles were present. Older males 

recovered potency to some extent, but at high temperatures, sperm was motile 

for a shorter period of time. Further work (Raichoudhury and Jacobs, 1937) 

showed that high temperatures also affected the fertility of the female, as 

eggs layed by females aged over two days at 30°C, failed to hatch. Similar 

data are not available for E. elutella but the present findings indicate that 

this species is able to tolerate slightly higher temperatures than E. kuehniella. 

Eggs of E. kuehniefla and E. elutella 

grown larvae. At 10°C, eggs of E. 

as those of E. elutella. King (1934+) 

eggs exposed at a temperature ranging 

are lens tolerant to cold than fully 

Dhniella survived nearly twice as long 

obtained 80% survival of E. kuchniclla 

between 0 and 3.30C for 1 week, but 
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hatch was reduced to 1.6% after an exposure of 6 weeks at thin temperature. 

Payne (1934) stated that larvae were quite tolerant to cold while eggs were 

more susceptible. She quoted lower development limits of 8 and 10°C for tti'o 

strains of E. kuehniella. Howe (1965) quoted a lower limit of 10°C for a 

population increase to occur in both E. kuehnielln and E. eluteil. a. However, 

E. olutella is aided by a cold-tolerant diapauco stage to overwinter in this 

country (Richards and Waloff, 1946; Waloff, 1949) while E. kuehniella is not. 

As a result E. elutella is more successful in unheated warehouses, whereas 

E. Icuehniella is more abundant in mills and factories where some heat is 

available throughout the year. Nevertheless Solomon and Adamson (1955), 

investigating the ability of stored product pest species to overwinter in 

this country, found E. kuehniella to be one of the most cold hardy, and predicted 

that larvae would be able to survive in unheated premises. 

In P. interpunctella, newly laid eggs were more cold susceptible than all other 

developmental stages, succumbing to a 19-day exposure at 15°C or a 10-day 

exposure at 10°C. Similarly, Tsuji (1963) observed that eggs kept at 15 - 

16°C from laying all failed to hatch. In contrast, larvae hatched at higher 

temperatures are able to grow and pupate at 15°C (Tzanakakis, (1959). Cline 

(1970) found a 48-hour exposure at 2.4°C sufficient to kill all eggs laid at 

27°C and aged less than 4.5 hours at the start of the exposure, while older 

eggs required up to 8 days for 100% kill. He further observed a reduced 

survival among larvae hatching from eggs exposed to cold. 

Howe (1965) thought a minimum temperature of lat to be necessary for populations 

of P. interpunctella to increase. Like E. elutella, P interaunctel]. a 

overwinters in this country as a diapausing larva (Potter, 1935; Williams, 

1964), and the rather high threshold for development has not prevented the 

build up of large populations during the summer season. The optimum range 

for development is, however, about 28 - 32°C (Howe, 1965). 
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Unlike P. interpunctelta, the development of E. cautelln at lower tempcrnturen 

is not limited only by the egg stage. Burgen (1956) found that eggs laid at 

25°C and moved to low temperatures after 0-3 days, hatched at 13°C. Later 

work (Burgos and Haskins, 1965) showed that the lowest temperature at which 

larvae completed development was 15.5°C, and mortality during the larval and 

pupal stages was greater than at higher temperatures. Howe (1965) Cave 17°C 

as the lower limit for a population increase of E. cautella. In this country, 

it can become established in heated promises, and breeds in warehouses during 

the summer, but mortality in winter is very heavy and warehouse populations are 

maintained only by the continual arrival of imports (Burgos, 1956). The upper 

developmental limit for E. cautella is about 36°C (Burgos and Haskins, 1965). 

Differences are often noticed in the development times quoted for each species 

by different authors. Compared with the available literature, the current 

results indicate fairly rapid development in all species. Often, differences 

are related to the suitability of the food medium, or the occurrence of a 

resting Etage in, the life cycle (Waloff, 191+8; Williams, 1964). Such 

differences, however, should apply only to the larval stage, and large 

discrepancies in the duration of the egg or pupal stages cannot be explained 

in this manner. 

There are also considerable variations in the lower developmental limits quoted 

for different stocks of the same species. Eggs of the field stocks of E. 

kuehniella and P. i nterpunctella proved more tolerant to colt} than those of 

the laboratory stocks. Continuous rearing in the laboratory at high 

temperatures may reduce the cold tolerance of laboratory stocks, and cold 

tolerance in wild stocks seems to be related to the locality where the 

population overwinters (Sýmme, 1965). It is often difficult to pick out the 

stage in which the coordination of vital chemical reactions is the most likely 

-255- 



to be disturbed at low temperatures, because mortality may be delayed until 

development has proceeded to the next stage. Eggs will often hatch over a 

greater temperature range than is tolerated by larvae, but larvae hatching 

from eggs after an exposure to cold may not complete development (Howe, 1967). 

Development at high or low temperature may be completed to the adult stage in 

which infertility prevents the establishment of a second generation. Often, 

the susceptibility of pupae is responsible for infertility in adults. 

Most of the work bo far discussed has been conducted with fixed ambient 

temperatures, and care must bo taken in relating such results to natural 

environments where daily fluctuations of temperature occur. Evidence is that 

with fluctuating temperatures, the higher temperature rather than the mean is 

important in determining the lower development limit of insects, and 

populations can develop with a mean temperature below the threshold determined 

by life cycle experiments at constant temperatures (Howe, 1967). 

Humidity, particularly at extreme temperatures, is another important factor 

that influences insect development. In the present tests, field stocks were 

much more tolerant to low RH than laboratory stocks (table 6). The optimum 

range of constant humidities for E. cautella lies between 70 and 80% RH, but 

development will proceed at 50 and 90% RH at all but extreme temperatures 

(Burges and Haskins, 1965). At 20% RH, however, development is completed 

only at 25 - 30°C, and at 20°C, a minimum RH of about-40% is required. The 

other species are more tolerant to low RH. In the present work, E. elutella 

and E. kuehniella completed development at about 20 - 25% RH at 15°C. 

Fraenkel and Blewett (1944) found larvae of E. kuehniella able to complete 

development at 1% RH at 25°C. More food was consumed than at higher 

humidities. Tzanakakis (1959) found that P. interpunctella completed 

development readily at 41% RH at 350C. 
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Insects in the storage environment produce metabolic heat which incree. ce-- 

the temperature of their curroundingc. Flanders (1933) recorded temperature 

increases from 6 days after hatching in cultures of SitotroFn cerenlelln on 

white corn at 29°C. Rapid heat production continued until cessation of 

feeding, at which point temperature rises of up to 3.5°C were recorded. 

Howe (1962) recorded sharp peaks of temperature in grain infested with 

"Sito hp ilus granarius, which correspond to the feeding period of last instar 

larvae. Tsuji (1963) noted temperature rises of 2- 5°C in cultures of 

P. interpunctella larvae cot up with 400 eggs per 30 g rice bran. Wishart 

(1942) observed temperature rises of up to 5.7°C in cultures of E. l. uehniella. 

Various numbers of larvae were reared at 23°C on 120 g whole wheat flour in 

shallow cardboard boxes measuring 15 x 15 cm. Wichart noted two temperature 

peaks separated by about 5 days, and, as in the lower density cultures of the 

present experiments, observed a rather gradual temperature rise followed by a 

more rapid fall at pupation. The two peaks obtained in cultures of E. laiehnir11i, 

(figs. 15,19, and 24), and in one or two cultures of E. elutella (fig. 26), 

probably represent the periods just before tha last larval and pupal moults. 

Wishart discussed the earlier results of Norris (1933) and Raichoudhury (1936), 

which showed the tendency of males reared at 27 or 30°C to be sterile. Ile 

deduced that rearing at lower temperatures at high population densities may 

also induce sterility because of the heat produced by crowding. It is clear, 

however, that rearing temperatures described by Norris and Raichoudhury 

referred only to the conditions at which cultures were placed, and temperatures 

within cultures were not measured. 

Adults produced in cultures of E. kuehnielln set up with over 4,000 insects 

(fig. 24) in which temperatures rose from 25°C to between 30 and 32.3°C for 

the last two weeks of larval development, were successfully used to set up 

fresh cultures. It is true that lower temperatures were present at the bottom 
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of the 7 cm deep food layer, but moot larvae wore observed to develop and 

pupate near the surface. The two weeks at which temperatures were highest 

were nearly over at the start of pupation, and, as no infertility was evident 

in adults produced, it may be concluded that larvae of E. kuehninlla are quite 

tolerant to heat, and that infertility is only likely to result when pupae are 

exposed to high temperature. 

The rapid temperature changes that occur within developing cultures cause 

changes in humidity. However, in cultures of E. cautella, the effect was less 

marked than in other species. Although net up with a similar number of eggs, 

fewer moths were produced and food more than 2 or 3 cm below the surface was 

commonly not utilized. Glycerol was present in the roaring food as a mould 

depressant, moisture content stabilizer, and additional nutrient. Its 

hygroscopic properties have long been used to control humidity (Grover and Nicol, 

1940; Durbin, 1965). In new cultures of all species, glycerol was responsible 

for a lowering of humidity at the food surface. As food was consumed and water 

released, the effect of glycerol disappeared before emergence in all species 

other than E. cautella. Even after emergence, however, cultures of E. cautella 

still showed a low humidity at the food surface, probably because of glycerol 

in unutilized food. 

Temperature rise in insect cultures is correlated with population density. 

In E. cautella, the accumulation of heat in cultures with 1,000 - 4,000 

developing larvae was greater than in the other species. This was surprising 

as survival to the adult stage was lower and presumably less larvae were 

present to cause the large increase. Also, less food was consumed because of 

crowding in the surface layer. 
0 

Experiments conducted on food masses of similar weight and volume but of 
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different shape, revealed higher percentage survivals to the adult stage, and 

slightly faster development, in broader and shallower food layors. The effect 

was more marked in E. caute]. la than in other species. Varying the depth of 

food while not changing the area of the food surface had little effect on the 

number of moths produced. Takahashi (1959a) and Smith (1969) obtained similar 

results with E. cautella and E. kuehniella respectively, but the results of 

Wool (1969) with Tribo]ium castaneum were less well defined. 

In all species, percentage survival to the adult stage in similar cultures was 

reduced as the number of eggs added was increased. The effect, although slight, 

was noticed at quite low culture densities. Takahashi (1953; 1956; 1956a) 

obtained similar results with E. cautella on rice bran, and noted a correlation 

between the rearing density, the head width of the adult moth, and the length 

of time for development. Moths produced at higher population densities were 

smaller, less fecund, and of shorter longevity, and the overall time for 

development was longer. Takahashi proposed that development was lengthened by 

the destruction of the first pupae by larvae which had not finished feeding. 

Also, development was lengthened, and survival was lowered, by rearing in food 

contaminated with faecal pellets (Takahashi, 1957). 

6 

In. preparing for fumigation tests on all stages (Fumigation Results, Section 1), 

it was noticed that only 100 - 140 moths were obtained from about 200 newly 

hatched larvae added in three equal portions at weekly intervals, but when the 

200 larvae were added in a single batch, 150 - 170 moths were obtained. 

Takahashi (1959) obtained similar results adding batches at 9 or 10-day interva73 

and comparing yields with single batches. Once again, the destruction of pupae 

by younger larvae appeared to be responsible for the discrepancy. 

Takahashi (1955; 1961) also investigated the effect of high population density 

-259- 
0 



on the movement of E. cautella larvae in cultures. Young larvae were observed 

to crowd into the upper layers of food, and often large numbers wandorod up 

from the food surface. Only from the third inntc: r oniards did some larvae 

start to move into the deeper layers of the culture. The inference of this 

and other work showing the importance of the area of the food surface in larval 

development, is that moth larvae tend to occur near the surface of bulk grain or 

other tightly packed media. Here, they would experience changes in temperature 

and light, and seasonal regulation of the life cycle would occur. The data of 

Walöff and Richards (1946) supports this view by showing that most larvae of 

E. elutella occurred in the top 30 cm of bulk grain with peak denciiy at about 

11 cm. Purthermore, larvae placed half way down long towers of grain worked 

their way up to the surface in three or four weeks. 

ECOLOGY OF DIAPAUSE 

Induction of Diapause 

Diapause occurs in E. elutella and P. interpunctella (Richards and Waloff, 

1946; Waloff and Richards, 1946; Zacher, 1950; Michelbacher, 1953), and 

there is some evidence of a slight tendency towards diapause in E. cauteila 

and E. kuehniella. Zacher (1950) reported a facultative diapause in E. e'ut111a 

but in fact a resting stage has never been demonstrated in this species. 

However, a wandering stage occurs in the mature larvae which can be prolonged 

for a number of weeks before a pupation site is chosen. Some seasonal 

variation may occur in E. kuchniella, which has been reported to require lonCer 

to complete development during winter than in summer, even though the same 

temperature is chosen for rearing test samples (von Gierke, 1932; Wigglosuorth, 

1972). Currently, attempts to induce a resting stage in a wild stock of 

E. cautella have been unsuccessful. 
0 

In E. elutella, diapause is brought about by low temperatures or high-starch 
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foodstuffs (Waloff, 1948), and by short photoperiodn (Strümpe1,1964). Of the 

4 

two stocks considered here, one had been rr. ared in the laboratory at 2!, °C for 

a number of years while the other was obtained from a London granary in July, 

1969. Under short daylength, most larvae of the laboratory stock entered 

diapause at 15 or 20°C, but very few did so at 25°C. Larvae of the field ntock 

entered diapause in short daylength or darkness at 25 and 30°C. Laboratory 

rearing for some years had apparently selected in favour of those individuals 

developing without diapause at 25°C. The change in this stock can be regarded 

as a lowering of the minimum temperature for development without diapause in 

short daylength, and a lowering of the temperature at which larvae enter 

diapause regardless of photoperiod. A laboratory stock of E. elutella with 

similar properties was described by Waloff (191+8).. The incidence of diapause 

has been reduced by laboratory breeding in various Noctuid moths of the genus 

Heliothis (Benßchoter, 1970) the Codlin moth Laspoyresia (Carpocaprra) 
pomonella 

(L) (Wildbolz and Riggenbach, 1969), the Oriental fruit moth Grz pholitha 

molesta (Bucck) (Glass, 1970), in the Shield-bugs Aelia acuminata (L) and 

A. rostrata Boh. (Hodek and Honek, 1970; Hönek, 1972) , and in P. inter lnctella 

(Tsuji, 1959a; 1960). Currently, a stock developing without diapaune under 

short daylength at 20°C has been isolated from the laboratory stock of 

E. elütella. It is clear that for studies on diapause, care must be taken 

to obtain fresh stocks from natural conditions. 

In the field stock of E. elutella, diapause occurred under short daylength or 

in darkness at 25 or 30°C, at 15°C, all larvae entered diapause regardless 

of photoperiod, and at 20°C most entered diapause, even under long daylength. 

These results indicate that in cooler situations, larvae at the right stage 

of development may enter diapause at any time of year. 

The critical photoperiod for E. elutella at 25°C was about 14 hours, transition 

from 0 to over 95% diapausing larvae occurring between photoperiods of 15 and 
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13 hours respectively. Continual darkness was effective in producing diapauso 

in only about half of each batch of larvae exposed. Strunmpel (1964) obtained 

a very similar result with a stock of E. elutella in Hamburg, although a 

higher proportion of larvae entered diapauco in darkness at 25°C. Ile identified 

the sensitive phase as the first few days of the last larval instar. After 

this time, less than 10% of larvae could be stimulated to enter diapause under 
11 

short photoperiod. However, Strumpel stated that the stimulus for diapause 

was cancelled by 16-hour photoperiods at any time during the feeding period of 

the last instar. In the present experiments, diapause occurred in all larvae 

held for 18 days or less at 25°C before transferring to an 8-hour daylength at 

20°C. Some larvae entered diapause at 20°C after remaining under long daylength 

at 25°C for up to 28 days, but no diapause occurred in a sample held for 31 

days under those conditions (table 18). Emergence in cultures of the field 

stock of E. elutella occurs predominantly over the range of 40 "" 58 days and 

the pupal stage is completed in 13 - 14 days (table 5). Allowing about 8- 

12 days for the last larval instar, the estimated time for the last larval 

moult is about 18 - 32 days after egg laying, and this coincides with the 

range over which the percentage of larvae entering diapause declines. 

However, in contrast with Strümpel'a (1964) observations, when larvae reared 

for various lengths of time under a 13-hour daylength at 25°C were moved to 

a 16-hour daylength, there were indications that the stimulus for diapause 

was reversible only for a short period of time. A more or less normal 

emergence pattern was seen in a sample transferred to the 16-hour daylength 

after 28 days, but the sample moved after 31 days gave a very different 

emergence pattern (fig. 27). This sort of emergence pattern is typical of 

emergence after the termination of diapause under long daylength (fig. 29)t 

indicating that most larvae had entered diapause, and were subsequently 

stimulated to pupate. 
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The critical photoperiod was not accurately determined at 20°C as most larvae 

of the field ctocL entered diapause regardless of the light conditions. 

However, the change from 100% to about 80ö d. iapausing larvae occurnod between 

12 and 16-hour photoperiods with an intermediate result for 14 hours. In the 

laboratory stock, a change from about 80% to less than 7% larvae in diapauce 

occuzzed over the same range of photoperiods. These results indicate that there 

was no increase in critical photoperiod when the temperature was lowered from 

25 to 20°C. Danilevskii (1961) described an incroane in critical photopcriod 

of 11 hours for each 50C lowering of temperature in the Colorado beetle 

Leptinotarsa decemlineata Say, the Noctuid moth Acronycta rumicis L., and the 

Cotton-boll worm Chloridea obsoleta F. He regarded Pierin bra^cicae as an 

exception because the critical photoperiod changed little between 12 and 260C, 

but in the present study, E. elutella and P. interpunctella behaved in a 

similar manner to P. brassicae. 

In come species, diapause is controlled by progressively shortening or 

lengthening photoperiods below or above the critical photoperiod, rather than 

by a particular number of short daylengthc (Corbet, 1954; Tauber & Tauber, 

1970). In the present work, only progressively shortening daylengths were 

investigated with E. elutella, and no diapause occurred in the field stock at 

25°C (table 18), and very little in the laboratory stock at 200C (table 17), 

when photoperioda were gradually decreased to the critical level by the end 

of larval development. 

The sensitivity of E. elutella to light signals is great. A 16-hour 

photoperiod of intensity I lux at the surface of glass tubes containing 

larvae, alternated with total darkness, was at least as effective as a 16-hour 
. 

photoperiod at 1000 lux in preventing the incidence of diapause. However, an 

8-hour photoperiod at 1 lux did not stimulate many more larvae of the 
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laboratory stock to enter diapauce than holding in total darkneac. 1)anilovr; kit 

(1961) stated that the lower limit of light intensity is dependent on the 

contrast present in the alternation of light and dark phases. He found that 

for full effect in Acronycta rumici. Fi, light intenuity during the darker phase 

needed to be less than 2-3 lux. When no light was present during the darf: 

period, the effect of a chort photoperiod started to decline when intensity 

fell to 5 lux. These and the present results indicate that a difference exists 

in the threshold light intensities for the identification of long and short 

daylength signals. Short photoperiods of low light intensity elicit the 

response expected in continual darkness where a proportion of insects may 

continue development, whereas long photoperiods of similar intensity can be 

fully effective in avoiding diapauce. 

As a further investigation, a 16-hour photoperiod of intensity 1 lux wan 

arranged to include an 8.. hour photoperiod at 400 lux. Thus the photoperiod 

included 4 hours at 1 lux, followed by 8 hours at 400 lux, and finally another 

4 hours at 1 lux. This photoperiod gave the same results as 16-hour phctoperiDdo 

of constant intensity I or 400 lux. The long low intensity photoperiod 

completely overrode any response to the short high intensity photoperiod, 

indicating that the change from darkness to dim light was more important 

than the change from dim light to bright light. Further evidence for the 

importance of low intensity light in avoiding diapause was obtained in work 

arising as an offshoot of this project (Bell and Walker, 1973). A background 
01 

intensity of 0.3 lux during the dark phase caused up to 400% of larvae of the 

field stock of E. elutella under short photoperiods to complete development 

without diapause. Light in this work was supplied from 40-W bulbs and passed 

through "daylight-blue" acetate paper to produce a more natural spectrum. 

Very high sensitivity to light has been found in several species. De Wilde 
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and Bonge (1958) noticed that Leptinotarra docemlineata renpondcci to 

of 0.1 lux. A similar threshold was found for the Silkmoth Bomb x-mori (No'. -Ur(--, 

1933), and for the Codlin moth La peyresia rn; nnnul. 1a (Wildbolz and Riggenbach, 

1969). Even more sensitive are the larvae of the midge Motriocnemun knnhi Coq, 

which reacted to intensities of 0.0025 foot-candles (0.025 lux) (Paris and 

Jenner, 1959)" 

Danilevskii (1961) observed that forms with very high sensitivity to light live 

in relatively inaccessible environments. The storage environment is certainly 

one of this type. Hence moonlight, which hardly ever exceeds 0.5 lux, and 

late twilight, are not expected to be of significance in the photoperiodic 

reaction. 

Low relative humidity (RH) encouraged the incidence of diapauoe in larvae of 

E. elutella held in darkness at 30°C. Although little work had been done on 

the influence of RH on the photoperiodic induction of diapause, the water 

content of food plants can influence reaction to photoporiod in certain 

species. Geyspits (1960) demonstrated this in the mite Tetranychun urticne 

Koch. 

Rearing at high population density did not increase the proportion of larvae 

entering diapause in darkness 

stock at 25°C. It was notice 

was able to survive better at 

ability was probably a result 

crowded cultures. 

in the laboratory stock at 200C or the field 

3 in these experiments that the laboratory stock 

high density than the field stock. This added 

of selection by prolonged laboratory rearing in 

In Plodia interounctella, diapauso can be induced by short photoperiod 

(Danilevskii, 1956; 1961), low temperature (Tsuji, 1958; Tzanakakis, 1959), 
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high population density (Tcuji, 1959), and by diet (William x, 1964). In both 

laboratory and field stocks, a very high proportion of insects entered diapause 

when samples were reared at 20°C, or dropped to 20°C from 25°C during the first 

15 days after egg laying, when tho photoperiod was 12 hours or less (tables 20 

and 21). Tsuji (1958; 1963) obtained diapause in all larvae dropped to 20 or 

22°C from 30°C 10 or 12 days after egg laying, but after 16 days at 30°C, 

larvae often failed to enter diapause. He discovered that for 100; diapauso, 

larvae needed to be at the lower temperature for the whole of the last two 

instars. He also found that all larvae reared from egg laying in darkness at 

20 or 22°C entered diapause while larvae reared at 250C did not. Tzanakakis 

(1959) found that temperatures above 25°C in the egg stage followed by 

temperatures of 200C or below for at least the latter half of larval develolnont 

greatly increased the proportion of larvae of his Berkeley stock entering 

diapause. Sardes al (1968), testing a strain that had been reared mainly in 

darkness for about 10 years, induced diapauce in only 4- 20% of larvae reared 

under short photoperiods or in darkness at 20°C. Prevett (1971) found di. apau: e 

present in a South African strain and absent in a Nigerian strain of P. 

interpunctella. The South African strain entered diapause in response to a 

temperature drop from 30 to 20°C 1 or 2 weeks after egg laying. 

There is obviously considerable variation in the incidence and control of 

diapause in different stocks and strains. In the present investigation, the 

laboratory stock of P. interpunctella resembled the original stock of Tsuji in 

that diapause occurred in darkness at 20°C with or without a temperature drop. 

Also consonant with Tsuji's (1963) results, was the action of a 16-hour 

photoperiod at 20°C in preventing the incidence of diapause. The field stock, 

differed fror the stocks of Tsuji and Tzanakakia in enterin 'diapause under 

short photoperiods, darkness or continual light at 25°C. Williams (1964) 

obtained diapause at 25°C in larvae reared on American yellow corn. 
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Some larvae, of the field stock of P. interpunctelia entered diapauso when 

sampler kept for 10 days at 30°C were dropped to a 16-hour daylength at 20°C. 

Very few larvae entered diapause in samples dropped to these conditions from 

25°C, illustrating the greater effectiveness of a large temperature drop in 

inducing diapauce. Tsuji (1963) found a 16-hour daylength at 20°C fully 

effective in avoiding diapause in samples dropped from 30°C. Tzunakakis 

(1959) observed only a general inhibitory effect of all photoperiods on the 

induction of diapause at 20°C. 

The critical photoporiod for the field stock was about 13 hours at 20 or 

25°C. Tsuji (1963) found that the principle sensitive phase to daylength in 

P. interpunctella occurred during the 3rd and 4th of the 5 larval instars, 

but did not estimate the critical photoperiod. Bell and Walker (1973) 

estimated the sensitive phase to occur around 8 days after hatching at 25°C, 

and obtained a value of 131 hours for the critical photoperiod. 

Diapause in P. interpunctelln was not stimulated by progressively shortening 

photoporiods, as at 20°C very few larvae delayed pupating under photoperiods 

shortening from 14.5 to 13 hours during development. 

A 16-hour photoperiod at an intensity of 1 lux at the surface of tubes 

containing insects proved as effective in limiting the number of larvae 

entering diapause at 20°C as long photoperiods at about 800 lux. Thus 

P. interpunctella was similar to E. clutella in being highly sensitive to 

light. However, P. interpunctella responded more readily to high population 

density than E. elutella (table 22). Under conditions successful in producing 

diapause in a small proportion of larvae exposed, increased population density 

caused more larvae to enter diapause. 

" 
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Tsuji (1959) managed to isolate a density-dependent diapauce in P. i. nt. crnunctdla 

at 30°C. He deduced from further experiments (Tsuji, 1963) that the signal 

to enter diapause in response to density was received during the crowding 

together of newly hatched larvae. In the present experiments, all larvae were 

hatched together in a dish before adding in different numbers to tubes holding 

about 1'- 11 c food. The different proportions of larvae entering diapause in 

tubes with different numbers of insects can therefore be explained only by the 

effect of population pressure later in development. 

Exposure to natural autumn conditions was highly successful in inducing 

diapause in samples of both E. elutella and P. interpunctella. For E. elutella 

the results discussed above indicate that the main causative factor for the 

autumn induction of diapause in unheated premises in Britain is temperature. 

Short daylength is of course an additional factor, but it would assume paramount 

importance only when autumn tdnperatures were high. For P. interpunetella, 

photoperiod is a more important factor as it can override the effect of falling 

temperatures if the drop is not too great. 

Termination of Diapause 

In both P. inter up nctella and E. clutella, the duration of diapause was 

dependent on the temperature and daylength at which samples were held, and 

sometimes was also dependent cn the method in which diapause had been induced. 

Exposure to long daylength, increases in temperature, periods at low tempaatuttm, 

or sublethal doses of fumiganto, all hastened the termination of diapause. The 

duration of diapause in E. elutella was not influenced by humidity at 15°C. 

Under all conditions tested, diapause in E. elutella was of longer duration 

than in P. interpunctella, and in both species was generally longer in the field 

stock than in the laboratory stock. 
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Diapause is commonly terminated by increased temperature after exposure to 

cold, and the termination of diapauce by photoperiod is relatively unueual 

(Lees, 1955; Danilevskii, 1961; Bock, 1968). The latter may be a result of 

infrequent examination of this factor since the importance of photoperiod in 

the termination of diapause is being demonstrated in an increasing nwiber of 

cases. Beck (1968) lists 19 species responding in this way, but his list was 

not intended to be comprehensive. Lepidoptera more recently shown to respond 

to long daylength during diapause termination include the swallowtail butterfly 

Papilio polyxenes F (Oliver, 1969), the tortrico Lobesia botrana Shiff (Rochrich, 

1969), the wild silkworm Actias luna (L) (Wright, 1970), the Tacar silkworm 

Antheraea mZlitta Drury (Jolly et al., 1971), and the webworm Chg oteuchia 

topiaria (Zeller) (Kamm, 1973). 

Strümpel (1964) found that short daylengtha were necessary for the maintenance 

of diapause in E. elutella, but no detailed account has yet appeared on the 

role of photoperiod in the termination of diapauee in P. interpunctelln. 

At 25°C, the effect of a 16-hour photoperiod was to reduce the mean duration 

of diapause in both E. elutella and P. interpunctella to about one quarter of 

its value at other photoperiods. Even diapause induced in P. interpunctella 

partly by high population density was effectively terminated by 16-hour 

photoperiods at 25°C. Exposure to 16-hour photoperiods on only 4 consecutive 

days at this temperature terminated diapause in over half the larvae in a batch 

reared in darkness at 20°C (table 31). 

In both species, long photoperiod was less effective in terminating diapause 

at 200C. Larvae of P. interpunctella were actually stimulated to enter diapause 

under a 16-hour daylength at 20°C by a 10°C temperature drop from 30°C, and 

delayed pupation under this daylenCth more than in batches lowered to 200C from 

250C. 
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At 30°C, which is near the upper developmental limit for E. clutcl1a, dihpnuie 

in both species was terminated in darkness much, more rapidly than at 250C, and 

the enhancement in rate of termination obtained with long photoper. iodn wua 

accordingly reduced. Thus the temperature range over which long photoperiods 

are potentially the most powerful agency for diapnuac termination in quite 

narrow.. 

The effect of a temperature rise during diapauso was investigated in both 

species. In E. elutella, results at first indicated that a temperature rise 

from 20 to 25°C had itself little influence on diapause termination. In tho 

field stock of P. interpunctella, however, diapause development proceeded 

faster at 250C in samples experiencing a temperature rise. For tests on 

temperature rises, E. elutella was reared under an 8-hour daylencth at 20°C, 

while P. interpunctella was reared in darkness. Investigations on the method 

of inducing diapause and the subsequent duration, revealed that rearing at 

20°C in darkness resulted in less delay of pupation in both species under a 

16-hour daylength at 25°C, than rearing at 20°C under an 8-hour daylcngth. 

However, batches of P. interpunctella raised to darkness at 25°C from an 

8-hour daylength at 20°C, showed a significant decrease in the mean time for 

pupation when compared with samples reared in darkness at 25°C, thus confirming 

the positive effect of a temperature rise in terminating diapause in this 

species. With E. elutella, a temperature rise helps the termination of diapause 

if larvae are reared in darkness at the lower temperature. Although rearing 

in darkness increases the readiness of larvae to terminate diapauce in response 

to high temperatures or long daylength, it should be noted that, in both 

species, the duration of diapause at £. particular temperature is longer in 

darkness than under any light system. 

Diapause development (Andrewartha and Birch, 1954) in E. elutella is favoured 
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by lower temperatures. In the field stock, the duration of diapauce was 

shorter at 15°C than at 200C under the same photoporiod. Woodroffe (1951) 

obtained a similar result with Iiofmannophila pceudo;, nretella. A further 

indication of the advantage of low temperature in terminating diapauso was 

that field stock larvae expo3ed for 10 weeks at 5°C, pupated more readily 

under a 16-hour daylength at 25°C than larvae held at 20°C. In addition, 

emergence of the two sexes was better synchronised after the cold exposure 

(table 41). In the laboratory stock, a 4-woek exponuro to 10°C favoured 

diapause termination under a 16-hour daylength at 20°C more than 4 weeko at 

2.5°C, indicating that the optimum temperature for diapause development aas 

higher than expected. Two-week exposures at 2.50C or 10°C only very slightly 

increased pupation rate at 20°C. Waloff (1949) observed a similar slight 

acceleration in pupation rate at 25°C after exposing diapauning larvae 

collected from a warehouse in autumn for 2 weeks at -2°C. 

In P. interpunctella, the duration of diapause was not assessed at 15°C, but 

as in E. elutella, low temperatures favoured diapause development in at least 

some individuals. Six and tern-week exposures at 10°C increased the rate of 

pupation under a 16-hour daylength at 25°C. However, the potent action of 

long photoperiods at 25°C in terminating diapause masked the contribution of 

the exposure to 10°C. The effect was seen better in samples returned from 

100C to darkness at 20 or 25°C. These completed pupation in a much shorter 

time than control samples, even when the 10 weeks spent at 10°C was added on. 

Similar results for the duration of diapause in darkness at 20°C after a cold 

exposure were obtained by Tsuji (1963). Larvae were exposed to 8- 10°C for 

30 and 60 days, and diapause was terminated at 20°C in about 50 - 125 days 

and 45 - 75 days respectively. 

. 
Not only did the 10-week exposure to 100C speed diupaume development, but also 
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it lowered the temperature at which long photoperiodc wore highly efficient 

in ending, diapause. All larvae returned to a 16-hour duylcngth at 20°C, which 

is not normally very effective in ntimulating pupation, pupated within 25 dad:;. 

Tzanakakis (1959) concluded that a 14-week exposure at 10°C was no more 

effective than a 14-week exposure at 200C in terminating diapaunc at 25°C, 

although the synchronisation of pupation was a little better after the exposure 

at the lower temperature. The present results indicate that cynchronisation 

after a 6-week or longer exposure to temperatures below the range for complete 

development is very strongly improved. Individuals which in unchilled sampler 

would terminate diapause after relatively short exposures at 20°C, are hell back 

at the low temperatures, while individuals apparently in a more intennecnpaus 

are actively stimulated to speed up diapauce development so that they are ready 

to pupate when temperature is increased. Exposure to 15°C for 6 weeks was lens 

- effective in synchronising pupation times. In the laboratory stock, exposure 

to 15°C for 6 or 10 weeks may even have increased the duration of diapause at 

250C. Such an effect could be explained as complications arising from the 

nearness of this temperature to the developmental threshold. 

The mechanism by which photoperiod terminates diapause in E. clutella and 

P. interpunctella seems to be independent of the action of chilling, although 

cold exposures lower the range of temperatures over which photoperiod is 

effective. Some other species for which photoperiod has been cited as an 

agent in the termination of diapause will readily continue morphological 

development after exposure to cold, the effect of photoperiod no longer being 

significant. The effect of photoperiod is limited in this way in the Saturnid 

Actias luna (Wright, 1970), but not in the Oak silkworm Antheraea pernyi Guer 

(Williams and Adkisson, 1964), Lobesia botrana (Roehrich, 1969), PaDilio 

polyxenes (Oliver, 1969) or Chrysoteuchia topiaria (KaMm, 1973)" 
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Strumpel (1969) regarded the induction and termination of diapausn in 

E. elutella as being under the control of photoperiod alone, and described 

diapause in this species as an oligopaurie, after the definition of I'tiller 

(see Thiele, 1973). However, the present results indicate that low temperatures 

can initiate diapause, and that chilling reduces the duration of diapauce even 

under long daylength at high temperature. Mü'ller's definition of oligopause 

would not apply to this situation. Furthermore, the duration of diapaune under 

long photoperiodo in dependent on temperature, being over four timen longer at 

20°C than at 25°C or 30°C. 

A minimum temperature exists for sensitivity to photoperiod in diapauoe 

termination, and, ac in P. interpunctella, a period at low temperature may 

lower the minimum temperature required for long photoperiods to operate 

efficiently. A second minimum temperature existc, near the upper developmental 

limit for the rapid termination of diapaune by high temperature. An with the 

response to long photoperiods, the second minimum is lowered after exposure to 

low temperature. This is clearly indicated in the overwintering experiments 

with E. elutella when samples were removed from an outbuilding at monthly 

intervals from December to March. In the first year, when samples induced to 

enter diapause in the laboratory under an 8-hour daylenCth at 20°C wore 

maintained at 5- 10°C above ambient in an outbuilding from October, the batch 

moved in December to darkness at 25°C in the laboratory pupated much more 

slowly than the batch moved to a 16-hour daylength. Batches moved to darknes- 

at 25°C in January, February and March showed a progressive reduction of about 

50 days in the mean time required for pupation. The batch moved in March 

terminated diapauce as rapidly as the batch moved to a 16-hour daylength. 

0 

In the second winter, larvae of both laboratory and field stocks were reared 
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under natural conditions from mid September in an unheated outbuilding. 

Samples moved to darkness at 25°C in January pupated much faster than samplers 

transferred in December, or than samples moved in January or February the 

previous year. The lower temperatures encountered this year had evidently 

enhanced development during diapause. Results for February and ? -larch botchen 

were virtually identical, indicating that by this time diapause development 

at low temperature had been completed. Sampleo transferred to darkness at 

30°C showed little change in pupation rate from January onwards. Waloff 

(1949) obtained a similar result for samples of E. clutella larvae removed 

from a warehouse between September 1945 and February 1946. Batches moved in 

January or later pupated within 60 days at 25°C, indicating the completion of 

a phase of diapause development. The biggest change in the duration of diapause 

at 25°C occurred between batches moved in early and mid December. Wabi`l weighed 

larvae at intervals during diapause, and concluded that pupation was stimulated 

by high temperatures after a weight-loss of about 35%. The present results 

indicate the importance of low temperatures, however, because batches required 

longer exposures in the slightly heated outbuilding than in the unheated one 

for rapid pupation at 25°C. 

I 

In the heated outbuilding, where temperatures oscillated around 1tß C during 

the winter months, results for the field stock of E. elutclla resemble those 

obtained by Oliver (1969) for the butterfly Papilio pol xy enec, in which the 

duration of diapause at high temperature was inversely proportional to the 

length of the chilling period. However, most species require a certain 

minimum period of low temperature before morphogenesis is resumed at higher 

temperatures (Lees, 1955), and transition from 0- 100% response may occur 

with a quite short addition to the minimum period. This situation has been 

demonstrated in Bombyx nori, an increase from about 1e to 82% termination of 

diapause in batches of eggs occurring when exposure to 5°C was increased from 
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40 to 60 days (Muroga, 1951; Leon, 1955). The sudden shortening of the 

duration of diapause at 250C between samples of E. elutella moved from the 

unheated outbuilding in December and in January, supports the idea of a 

minimum exposure period to low temperature for reactivation in most individual:, 

and the dependence of the subsequent duration of diapause on the length of a 

cold exposure may be limited to certain temperatures in the upper part of the 

range for diapause development. The mean pupation time for the sample removed 

from the slightly heated outbuilding in February was to some extent artificial 

0 

because two groups could be separated in the emergence, one of which had 

presumably completed a phase of diapauce development, while the other one had 

not (fig. 35, table 42). 

The emergence of male and female moths in the unheated building was observed 

during summer after overwintering. Long periods at low temperature improve 

the synchronisation of emergence, and yet the summer emergence of female moths 

of E. elutella was rather protracted. This was not observed in samples moved 

to 25°C in March. The pupation and emergence of E. elutella in the slightly 

heated outbuilding was even more protracted, showing that lower winter 

temperatures were at least partly effective in synchronising the termination 

of diapause. Synchronisation seems to rely on periods at low temperature 

being followed by a substantial and sustained temperature rise. In both 

outbuildings, temperatures rarely exceeded 25 C during the summer of 1972. 

As diapausing stages of Pieria brasnicae and Bombyx mori were to be included 

for comparative purposes in toxicity teats, some experiments were conducted 

on the termination of diapause in these species. In darkness, the duration 

of diapauce in pupae of P. brassicae was approximately 250 - 300 days at 10 

and 20°C. Diapause was of short duration under a 16-hour daylength at 250C, 

and was further halved after a 16-week exposure at 5- 10°C. An eleven-week 
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exposure to 5- 1000 had no effect on the duration of dinpnuco at 250C. The 

large difference in the rate of emergence in camplec chilled 11 and 16 woei: s 

illustrates the need for a minimum exposure to cold before morphogencr; ic is 

readily resumed. 

Diapausing eggs of B. pori held at 10°C for 52 weeks all failed to hatch, 

while at 20°C, diapause lasted about 200 days. After 15 weeks at 10°C, hatch 

at 25°C occurred within 25 days. After 25 weeks at 10°C, or 12 weeks at 7.5°C, 

hatch occurred within 18 days at 25°C. These results agree with the data of 

Muroga (Lees, 1955) which showed 7°C to be the optimum for diapause development 

in Bmori. 

Diapausing stages of E. elutella and P. brassicae which survived fumigation, 

resumed morphogenesis sooner than control samples placed under similar 

conditions. In this respect, diapausing stages differed from non-diapausing 

stages which normally show a delay in their subsequent development after 

fumigation. The premature termination of diapause after fumigation is a 

typical response to stress. Many examples of breaking dicpauce by imposing 

various adverse conditions are to be found in the literature. Tzanakakis 

(1959) terminated diapause in P. interpunctella by wounding larvae with a 

red-hot needle, or by repeatedly destroying the 'hibernaculum' spun by 

larvae after cessation of feeding. Diapause in the univoltinc race of 

B. can be averted by immersing 24-hour-old eggs in 611 hydrochloric acid 

for 4»6 minutes at 44 - 46°C (PJayur and Fraenk©1,1963). 

The Physiology of Diapause Development 

The data now available on the factors influencing the duration and termination 

of diapauce in E. elutella and P. intorpunctella give much information on the 

control of development during diapause. Firstly, it is apparent that not one 
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but several environmental factors have the potential ability to ctimulate the 

resumption of morphogonesis, but for maximum efficiency, the actions of all 

factors need to be combined in a carefully integrated system. Secondly, 

development during diapause can be divided into various phases, each phase 

being closely linked to a different environmental factor. Thirdly, the end 

point of diapauce needs to be considered carefully, as it is difficult to 

divide diapause development from post. -diapauae development. 

Within a population, there is much variation in the reaction of individuals 

in diapause to a given set of experimental conditions. If an important 

diapause-. terminating factor is absent, the overall time for diapause develc xnt 

is lengthened, and the synchronisation of emergence is reduced. In E. elutrA'la 

and P. interpunctella, the efficiency of some environmental factors in 

terminating diapause is increased after exposure to others. In the natural 

situation, where a period of low temperature and short daylength in winter 

is followed by long daylength and warmer conditions in spring and summer, the 

stimuli for diapause development are provided in a sot order, and are highly 

efficient in producing a synchronised post-diapause emergence. With artificial 

sets of conditions, it is possible to break down the contribution to diapause 

development of each of the factors characteristic of the period from autumn 

to spring. 

Fig. 49 presents schematic patterns of pupation in batches of the field stock 

of E. elutella under various sets of conditions. In each model, the scale 

has been adjusted to depict the range of pupation times rather than the 

absolute number of insects pupating at a given time. Whether or not a 

requirement of low temperature represents the first phase of diapauce is not 

certain, as a primary phase may first be completed at higher temperatures, 

but it is apparent that further phases of diapause development under the 
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control of long daylength and high temperature occur after the phaco at low 

temperature. After 2 or 3 months at low temperature, pupation is highly 

cynchroniced in long daylength at 25°C, much more 4o than in the nbnconce of 

a cold period (modele A and B in fig. 49). Neverthelece it is clear that this 

cold exposure does not itself terminate diapauce, because batches raised to 

darkness at 250C (model C) show little synchronisation of pupation, and do not 

give very different results from batches placed in darkness at 250C without 

any exposure to cold at all (model D). Extending the exposure to cold by about 

2 months can reduce the need for long daylength to synchronise pupation, and 

high temperature alone is sufficient (model E). However, the effect of long 

daylength in further synchronising pupation is still clearly apparent (model F). 

Long daylength is only efficient at higher temperaturco. As seen most clearly 

in the results with P. interpunctella (table 38), exposure to low temperature 

can decrease the temperature neäded for long daylength to be effective. 

Nevertheless, the rather wider than expected range of pupation times for 

E. elutella during a cool summer after overwintering in unheated premises 

(model G) was probably caused by temperatures still beine too low for the 

efficient action of the long-day stimulus in the last phase of diapauso 

development. The ranges shown in models F and G differ too widely to be 

explained simply by slower post-diapau. o development at tho lower temperature. 

It has been commonly been supposed that diapause development can be clearly 

divided from the periods of quiescence or morphogenesis which follow. In 

E. elutella, however, it is difficult to divide the last phase of diapause 

development from the period which may be regarded as post-diapause development, 

during which the larvae develops towards the pupal stage, the arrival at which 

is often the first clear indication that diapause has ended. The normal period 

at 25°C between the cessation of feeding and the completion of the pupal moult 
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Fig. 49. Models showing the distribution of 

pupation times in various batches of the 

field stock of iphestia elutella to illustrate 

the contribution of chilling periods, long 

daylenn th and high temperature to 

diapauce development. 
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in non-diapausing insects is about 2 

had overwintered until March, no pupae 

In batches returning to long daylongth 

elapsed before the first larvae pupate 

synchronised batches, some individuals 

(table 44). 

7 days. Howe' 

were obtained 

at 25°C after 

1, and oven in 

required over 

ver, even in batchcr; which 

at 250C within this period. 

chilling, 2 or 3 wecke 

the most highly 

5 weeks for pupation 

Although the process of diapause termination may have been triggered, 

physiologically insects remain in diapause until the enzymes and hormones 

maintaining diapause are removed and factors appear to stimulate the resumption 

of morphogenesis. The period of chemical change within the insect may be 

estimated by subtracting from pupation times the normal developmental period 

between the mature larval and pupal stages at the temperature concerned. Thus 

in the overwintering batch returning to long daylength at 25OC in February, 

which was used to construct model F, the mean period is 20 15 days if 4 days 

are allowed for non-diapause development. The elimination of factors 

maintaining diapause may comprise the whole or part of the later phases of 

diapause development, and it is this process that in E. elutclla is primarily 

under the control of warm long-day conditions. Strümpel (1964) observed the 

link between the resumption of neurocecretory activity and long daylength in 

diapausing larvae of E. elutella, but discounted the contribution of periods 

at low temperature to diapause development. The present work has identified 

two discrete phases of diapause development, the first favoured by low 

temperature, and the second by long daylength and high temperature. Both 

phases can stimulate morphogenesis independently, 'but only at'the expense of 

synchronisation in the post-diapause emergence. 
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TO} ECITY OF PHOSPHINE AND UMUL BROMIDE 

Tolerance to Phoephine During the Egg Stage. 

, 2hestia elutella, E. kuehniella, E. cautella, and P]. odia interpunctcliu 

proved highly tolerant to phosphine during part of the egg stage, but were 

otherwise quite susceptible. Similar results were obtained with laboratory 

and field stocks of the saune species. The length of the tolerant period wac 

increased as temperature decreased, and occupied the first 30 - 40% of the 

period for egg development. In exposures longer than the tolerant phase, 

complete kill of eggs of all species was obtained with very low concentration 

r time (CT) products. The tolerant phase in E. elutella lasted 2 days at 

25°C, 4 days at 20°C, and 8 days at 15°C. In E. lnaehniella and E. cautolla, 

it lasted up to 2 days at 25°C, over 3 days at 20°C, and over 6 days at 15°C. 

In P. interpunctella, eggs were tolerant for 2 days at 25°C, 4 days at 20°C, 

but at 150C, although fairly tolerant in expocureo up to 7 days, eggs were 

adversely affected by the low temperature, and were less tolerant than at 

higher temperatures. 

A tolerant period to phosphine during the egg ctaeo is not restricted to the 

above four Pyralid species. In tests prior to the present project, egcc of 

the Greater wax-moth Gallerin M. ellonelln (L) showed high tolerance to phosphine 

during early development (Bell and Glanville, 1970). At 25°C, eggs of 

G. mellonella required about 10 - 12 days for complete development, and the 

tolerant phase lasted 4_7 days. Few other species have been investigated, 

but Vincent and Lindgren (1972a) testing 0-1 day-old eggs of P. interpuncte]an 

and phestia (Cadra)fipulilella with phospfiine in 24-hour exposures at 26.7°C, 

did not observe high tolerance in the latter species, although the LC 95 value 

calculated from hatch of eggs of P. interpunctolin was 1.9 mg/1. The present 

results suggest that LD values are of little use, as the amount of survival 

after short exposures is proportional to the number of very young eggs in the 
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fumigated sample, even within age groups of 0- 24 hours, rather than toi . he 

concentration (tables 49,60,61 and 62). There are indications that both 

laboratory and field stocke of Pinterpunctelln are more tolernnt to phouphine 

than Vincent and Lindgren's stock, as, at 25°C, survivals from a 24-hour 

exposure at about 2.6 mg/1 (table 62), were 33`, 6 and 2% respectively. 

Baskaran and Mookherjee (1971) fumigated 0 ". 1 day-old eggs of E. cnutel in 

24--hour exposures at 29 ± 1°C. From their quoted regression equations, LD 50 

and 90 values were about 0.13 and 0.20 mg/1 respectively. Again, the pre&cnt 

laboratory stock was more tolerant, 10 "- 24% survival to the adult stage being 

recorded from concentrations of 0.34 "- 0.39 mg/l at 300C (table 62). In 

contrast Muthu (1973), assessing mortality by failure to hatch, calculated an 

LD 99 for eggs of E. cautella of 28 mg/l in a 24-hour exposure at 26.7°C, 

while the LD 50 was only 1.2 mg/1. Eggs of the Rice moth Corcyrri cephalonica 

were even more tolerant, the calculated LD 99 being 47 mg phosphine/1. The 

present field stock of E. cautella showed a'52 survival after a 24--hour 

exposure at about 2.6 mg/1 (table 62), but higher concentrations were not 

tested. The findings of Muthu indicate that during the tolerant phase come 

eggs may be virtually immune to phosphine. 

The relationship known as Haber's rule, whereby the level of kill is 

proportional to the product of concentration and time, completely breaks down 

with phosphine. Insects at different stages of development differ widely in 

tolerance, and development continues during the actual exposure (Reynolds ct al^, 

1967; Howe, 1973)" High tolerance results when exposure periods are too 

short to allow insects to develop from a tolerant ctago to one of greater 

susceptibility. Increased temperature speeds development and. ro shortens 

the exposure period required for effective control. 
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The dependence of mortality on temperature and exposure period was shown by 

subjecting 0-1 day-old eggs to various exposures at 15 - 300C with CT 

product held constant. In these experiments, the level of kill. at a partiruisr 

exposure was regulated primarily by temperature (tablen 56 and 57). At each 

temperature, more kill was obtained in longer exposures, and the fact that 

concentrations were lower in longer exposures was of little consequence until 

a threshold level was approached in very long exposures at 150C. Thin level 

represented the point at which the concentration was no longer fully effcctivc 

against the susceptible phase later in the development of the egg. When 

concentration rather than exposure period was held constant (tables 56 and 59), 

survival in the longer exposures at 15 0C 
was largely eliminated, but otherwise 

the pattern of survival was similar to tests with CT product held constant. 

Both series of tests shared 24-hour exposures at 25 and 300C, with a 

concentration of about 0.4 mg/1 and a CT product of about 9 .- 10 mg h/i. CT 

products in the series with concentration held constant were of course much 

higher for all other exposure periods, and consequently more kill wua obtained, 

but again the relative unimportance of concentration wan illustrated by the 

failure of all buts the longest exposures at each temperature to achieve 100? 

control. 

Laboratory and field stocks were quite similar in tolerance during the egg 

stage. The field stock of P. interpunctella was more tolerant to cold than 

the laboratory stock, and survived better at 150C. On the whole, the egg3 

of field stocks were a little more tolerant in later development than 

those of laboratory stocks, and more survival occurred in long exposures at 

low concentrations. 

The results discussed so far have indicated the position and length of the 

period during which eggs are tolerant to phosphino at a range of temperatures. 
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However, the kill obtained after short exposures war; not always proporti. onnl. 

to concentration, poooibly becnuce different levols of cuncoptibiii ty occur 

during the tolerant phase, and variation in the exact age of eggr in diffcrer; t 

groups 0- 24 hours old may be critical. Howe (1973) found that egen of 

Sitophiluc granariuc aged 2-3 or 3-4 days at 250C were highly tolerant to 

phosphine at a concentration of 4 mg/1 for 8 hours. He found that the tolerance 

of eggs under gas decreased sharply at age 5 days. He also found that the are 

of the most tolerant group of eggs at the start of fumigation decreased as 

concentration was decreased and exposure periods were correspondingly increased, 

and postulated a short phase of relatively high susceptibility early in egg 

development, probably coinciding with the formation of the blastula. 

To find whether or not moth eggs were less tolerant for a short period early in 

development, batches of 0-1 day-old eggs were fumigated with phosphine in 

exposures including the initial evolution of gaa from the solid formulation, 

and in exposures of similar duration started when the concentration had risen 

to a maximum level, and was beginning to fall. As no consistent differences 

were observed in results from the two types of exposure (table 63), it was 

concluded that a susceptible phase early in development was. ubsent, and that 

the level of survival was determined by the developmental range within the 

test sample-, and the concentration towards the end of the exposure rather 

than the gas level at the start of the test. 

Tolerance early in the development of the egg has also been observed in many 

beetle pests of stored products, although the tolerant' period is sometimes 

very short. Lindgren and Vincent (1966) observed that tolerance to 16-hour 

exposures at 26.7°C was higher in younger eggs of Tribolium confucum. Qureshi 

et al. (1965) found in the Cadelle Tenebroides mauritanicus (L), that eggs at 

6 
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250C, 705 RH were tolerant to phoophine during the firnt 4 dny of dr-N-c1 of rn "ii . 

Barker (1969) found 0- 24 hour-old eggs of the Rust-red grain beetle 

Crypto1octeF_ferr ineus (Stephens) highly tolerant to phonphine in ý1s-hour 

exposures at 24°C. Vincent and Lindgren (1972) obtained some survival of 

0-1 day-old eggs of 3 Dermectids, Tro 
, oderma Rlabrum (flerbst), T. r: tertin1c 

Jayne, and T. variabile Ballion, exposed to 6 mg phosphine/1 in 24-hour 

exposures at 21.1.1 1°C. Recent work by Miss B. D. 2iole at the Pest Infestation 

Control Laboratory has demonstrated a tolerant period early in the egg stage 

of the Lesser grain borer Rhizopertha dominica (F). 

High tolerance to phosphine in the egg stage can be regarded as a common 

phenomenon, and is undoubtedly linked with metabolism during embryology. 

Phosphine is toxic only in the presence of oxygen (Bond et al., 1967) and 

stages which can survive without oxygen for a period of time are likely to be 

tolerant. Oxygen consumption during the egg stage varies with the species 

under consideration (Wigglesworth, 1972) and at the present time too few 

data exist to correlate low oxygen consumption and high tolerance to phosphine 

during the egg stage. 

As eggs of Bombyx mori were known to enter diapauce very early in development, 

before segmentation of the embryo (Lees, 1955), a comparison of the toxicity 

of phosphine to non-diupaucing, diapausing, and post-diapauaing eggs wan 

included in this study. Surprisingly, diupaucing eggs were the least tolerant 

to phosphine at 25°C, although many eggs in all three groups survived 0.5 mg/1 

phosphine for 3 days, and all were killed by a 7-day exposure. In this species, 

therefore, eggs remaining at an early stage of development were by no means 

immune to phosphine, except in exposures of 2 days or less (tpble 107). The 

results with eggs of B. mori may indicate that periods of tolerance to phosphine 

in moth eggs can be controlled by factors other than simple progressive 
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development. The toxicity of phosphine has been shown to be proportional to 

rate of uptake (Bond of al., 1969) and, in addition to having high natural 

tolerance, younger eggs may be unable to take up pho, phine quickly enou,; h to 

be killed. Much additional work is needed on the rate of uptake of phonphinc 

in eggs and other tolerant stages for such hypotheses to be explored. 

Toxicity of Methyl Bromide to Egg 

Apart from diapausing eggs of B. mori, high tolerance during the egg stage 

was not observed in tests with methyl bromide. Different age groups of Pyralid 

species did not differ widely in tolerance, and variation between laboratory 

and field stocks was small. In each age group, a 100C decrease in temperature 

from 30 or 250C approximately doubled tolerance to methyl bromide. 

In order to check that the CT relationship known as Haber's rule %ias operating 

in tests with methyl bromide, three different concentration loyale were tccted 

against three age groups of eggs of E. elutella and P. interpunctella 

(laboratory stocks) at 15°C. The regression coefficients for mortality on 

concentration, b1, and mortality on time, b2, were found to be similar in 

each age group, and so logarithmic concentration and time comfxr, e. nts could be 

added for conversion of dosages to CT products. However, of the cix values 

for b1 ." b2 (table 66), five were negative, and the single positive value was 

very small. The possibility that the time component of the CT product was 

slightly more effective than the concentration component, cannot therefore be 

excluded. Significant heterogeneity occurring in some of the analyses of 

combined results for each age group, however, was probably caused by variation 

within batches, rather than by a failure of Haber's rule, as age ranges of 1c 

at 25°C are wide enough to include eggs at quite different stages of development 

It should nevertheless be noted that the concentration range tested, 4.2 - 10.8 

mg/i, was a small one, and these conclusions cannot be applied to concentrations 
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outside those limits. 

Rowe and Hole (1066) observed differences between results at 55,6 and 9 mull 

in testa with methyl bromide on all stages of 5itophilun Granariun at 25°C, 

better results being obtained at the higher concentrations, and hence the 

shorter exposures. These results indicated that a concentration of 3 mg/l 

was below the most efficient range for effective control of S1. prnnarius with 

methyl bromide rather than a generally greater importance of concentration in 

the CT product. Estes (1965) described an increase in CT product for the LD 

50 value against Tribolium confusum as time of exposure was increased, but 

once again the effect was largely explained by the inclusion within the dose 

range of a concentration of less than 2 mg/l, which was below the lethal 

threshold for some members of the test sample. Concentrations of 2 mg/1 or 

below were stated by Brown (1959) to be too low for affective control of a 

range of beetle pests of stored products. More recent work (Howe and Hole, 

1966; Bell and Glanville, 1973) has indicated that this threshold may be 

hither for some species. 

In addition to the lower limit for concentration, there is a minimum for the 

,. length of exposure (Knight, 1925). In the present testa with methyl bromide, 

exposures of 1 hour were apparently above this minimum. 

FUmigation of eggs with methyl bromide reveal much smaller variations in 

susceptibility between different ago groups than encountered with phosphine. 

Also, quite short exposures are effective in producing a kill, and the CT 

relationship holds fairly well. Results obtained in the current tests differ 

from those obtained by other workers chiefly because survival has been 

assessed on the basis of adult emergence. Moctaf a of al. (1972) used 

hatch to calculate LC 50 values of 10.8 - 15.4 mg h/1, and LC 95 values of 
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25 « 38 mg h/1, for different age groupo of egge of E. Ituchniella. in 5,6 and 

7-hour exposures at 260C. Concentrations were, however, determined from Lhr 

amount of fumigant weighed into 30-1 glass bottlco, and no Camplcn were taken 

to asceso loss of Gas through leakage or sorption. At all expocurce, egg 

were progressively less tolerant as they aged. In the prcöcnt work with both 

laboratory and field stocks, eggs were more tolerant at ago 23 days (at 25°C) 

than at 0-1 or 1-2 days, and eggs of all ages required lower CT products 

for control than in the tests conducted in Eft. 

Phillips et al. (1959) obtained some hatch of E. elutella eggs aged 1-2 days 

at 24°C after a CT product of about 35 mg h/1 in an 8-hour expocure. Again, 

a lower tolerance is shown in the present results based on adult emergence. 

Hatch and Adult Ehnergence After Flamic; ation of Ergs 

Hatch counts were compared with the subsequent adult emergence in tests with 

methyl bromide and phosphine. The greater the level of kill, the more counts 

based on hatch underestimated the total mortality. When hatch was reduced to 

20% or below, very few or no survivors were recorded at the adult stage. 

Mortality after hatching occurred predominantly during the first larval instar. 

Survivors of egg fumigations reaching the adult stage were of normal fertility. 

The hatch of eggs was delayed after sublethal doses of phosphine or methyl 

bromide. With phosphine, the delay was equal to at least half of the period 

spent under gas. However, development was not Greatly slowed during 

fumigation, because the levels of kill in batches of eggs exposed to phoephine 

at different ages, are similar if batches are removed from the chamber when 

reaching a particular age (table 53). The delay probably respresents the 

period required to repair damage suffered under gas. A similar delay, but 

linked with the level of kill rather than the length of the exposure, was 
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observed in testa with methyl bromide. 

Toxicity of Methyl Bromide and Phon nine to Fcedin Larvae und Pu nP 

Little work has been done on the toxicity of fumigants to later developmental 

stages of storage moths. The present experiments showed feeding larvae and 

pupae of all four species to be susceptible to both phocphine and methyl 

bromide. Shepard and Buzicky (1939) obtained an LD 50 of 5 melt in u 5-hour 

exposure to methyl bromide at 25°C for last instar larvae of P. interpunctelln, 

when mortality was assessed 5 days after fumigation. IIarein and Press (1966) 

found that a dosage of about 4 mg/i was required for 50% kill- of second instar 

larvae of P. interpunctella in 24-hour exposures at 26.7°C. Mortality was 

assessed 14 days after fumigation, and a dosage of 6-7 mg/i was required for 

9716 kill. Taken at face value, these results imply that second instar larvae 

are much more tolerant than mature larvae, which is highly unlikely. 

Fumigations were however conducted in stoppered glass bottles, and gas losses 

after doting were unknown. 

Phillips ct al. (1959) found all otages of E. elutolla to chow low tolerance 

to methyl bromide at 24 C, no curvival occurring after 24 hours at about 

2 mg/1 or 12 hours at about 4 mg/2. With phoophine, larvae of E. cautella 

(Baskaran and Mookherjee, 1971) and P. intorpunetella (Lindgren and Vincent, 

1966; Vincent and Lindgren, 1972a) showed little tolerance, LD 50 valuo3 

being less than 1 mg h/1 in 21e-hour expocures at 26 » 30°C. Pupae of 

P. interpunctella were a little more tolerant than larvae while adults were 

more susceptible (Vincent and Lindgren, 1972a). 

In the present tests, phosphine was more efficient in longer exposures against 

pupae, whose tolerance decreased with ago after 3 or 4 days bf development. 

The change in tolerance durinr, the pupal staue was not, howover, co marked as 
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in the egg. Pupao aged between 0 und 3 days at 250C were alto more tolerant 

than older pupae to methyl bromide. In tents on pupae, mortality wue far 

more dependent on temperature with phocphine than with methyl bromido. 

Adults emerging from fumigated pupae usually showed lowered fertility. 

Abnormal weight losses at adult emergence were demonstrated after fumigation 

of pupae with phosphine, and some adults survived for only a few hours. The 

results underline the importance of investigating fumigation survivors in 

evaluating the effectiveness of a fumigant. 

Tolerance of Diapausing Stages 

Larvae are much more tolerant to fumigation when in diapause. Reynolds (1961) 

testing diapausing larvae of P. interpunctella with methyl bromide at 25 C, 

obtained a 16% survival after a CT product of 100 mg h/1, and considered that 

for 99.9% kill, a CT product of 200 - 300 mg h/1 could be required. Results 

were based on larval mortality and not on survival to the adult stage. 

Sardesai (1968; 1972) found larvae of P. interpunctella in diapause to be 

only 1.8 times as tolerant to methyl bromide as other larvae at the LD 50 level. 

Basing results on mortality counts after 5 days, an LC 95 of 58 mß h/1 was 

obtained with 4-hour exposures at 26.70C. 

In the present tests, diapausing larvae of E. elutellu were more tolerant to 

both methyl bromide and phosphine than those of P. interpunctella, and 

diapausing larvae of field stocks were more tolerant than laboratory stocks. 

Diapaucing larvae of both stocks of P. interpunctelln and E. elutella were 

quite susceptible to phosphine, but were nevertheless more tolerant than other 

stages in all exposure periods long enough to span the tolerant phase in eggs. 

As metabolism during diapauce is relatively otable, large changes in 
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susceptibility would not be expected during long exposures. Larvae of 

E. elutella that had be: n in diapauoe for 3 or 4 Weeks, or 2 or 3 months, were 

not significantly different in sýu3ceptibility to either p}iosphino or methyl 

bromide. Nevertheless, phosphine was more effective in longer exposures, 

except in one test when the concentration fell below 0.03 mil. /l, and survival 

increased considerably (fig. 46). The possibility that factors other than 

development are responsible for the efficiency of longer exposures has already 

been mentioned in relation to eggs. Diapausing stages, like eggs in early 

development, are likely to be tolerant to periods of anoxia, and the rate of 

uptake of phosphine may be slow. Recent work at the Pest Infestation Control 

Laboratory by K. A. Mills has shown that, in addition to the moth species, at 

low temperatures diapausing larvae of Trooderma pranarium are more tolerant 

to phosphine than other stages in the life cycle. 

Because of the variation of the CT product required for a particular level of 

kill according to the concentration of phosphine and exposure period tested, 

the LD 50 for diapausing larvae of E. elutella has since been observed over a 

wide range'of concentrations and exposures. The results of the first series of 

tests at concentrations between 0.02 and 1.4 mg/l at 20°C (Bell and Glanville, 

1973), indicated that up to 0.27 mg/l, CT products could be used to express 

dosage because the LD 50 increased quite slowly with increasing concentration. 

When higher concentrations were considered, the CT product for the LD 50 

increased sharply, and the level of mortality became dependent only on the 

length of the exposure period. Mortality was also dependent on exposure time 

rather than concentration in the test on P. interpunctella with 0.2 mi11 at 

15°C (table 84). 

When concentration was hold constant in tests with phosphine against diapausing 

larvae of the field stock of E. elutellu, temperature greatly influenced 

-291- 
6 



tolerance, and between 15 and 30°C, a 10 °C rise approximately halved the CT 

product required for a particular level of kill. The laboratory ctocka of 

both E. elutella and P. interpunctella chanEed little in tolerance between 

20 and 25 or 30°C (fig. 47). This in almost certainly a peculiarity caused 

by laboratory rearing for many years at constant temperature. The laboratory 

stock of E. elutella, a species highly tolerant 

much more tolerant to phosphine at 15°C than at 

field stock of P. interpunctella to some extent 

at 10 C, only one test was performed. The wide 

to cold in nature, was also 

10°C. Surprisingly, the 

gave a sirnilar' result, but 

difference in the responses of 

laboratory and field stocks to phonphine at various temperatures illustrates 

most clearly the need for results of toxicity tests conducted on laboratory 

stocks alone to be treated with caution. However, differences are not likely 

to be revealed by testing laboratory and field stocks at the laboratory 

rearing temperature. 

In tests with methyl bromide, in which exposure periods are generally vhorter 

than in tests with phosphine, differences in the pattern of tolerance at 

various temperatures between laboratory and field stocks, were less obvious. 

At concentrations between 4.0 and 10.3 mg/1, the CT product required for a 

particular level of kill was not greater in longer exposures than in shorter 

ones. Diapausing larvae of E. elutella proved more highly tolerant to methyl 

bromide than any other insect commonly infesting stored products, with the 

possible exception of diapausing larvae of T. granarium (Reynolds, 1956). 

Temperature did not influence tolerance to such a great extent as in tests 

with phosphine or in tests with methyl bromide against eggs. At the LD 50 

level, both stocks, but particularly the laboratory stock, changed little 

in tolerance between 15 and 25°C, but at higher LD levels (table 97), 

tolerance reduced sharply when temperature was increased from 15 to 20°C. 
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Such results indicate a very large variation in the response of individuals 

to temperature. At 10 and 15 C, in each stock results wore cimilur at euch 

LD level. 

Diapauaing larvae of P. interpunctolla were more cenaitive to temperature 

change at the LD 50 level and, at higher LD levels, those of the field stock, 

in contrast to the results with phosphine, werd far more tolerant at 100C 

than at 150C (fig. 118, table 98). 

In E. elutella, neither the method of diapause induction, nor the method of 

diapause termination, was demonstrated to affect tolerance to methyl bromide 

or phosphine. In P. interpunctella, a difference was demonstrated between 

the tolerance of diapausing larvae prepared under an s-hour daylength, and 

others prepared at high rearing densities, when fumigated with 4 mg/1 methyl 

bromide at 250C (table 99). 

Action of a Fumigant Mixture 

Because it was apparent that diapausing larvae were tolerant to methyl bromide 

but not to phosphine, while eggs were tolerant to phosphine but not to methyl 

bromide, a fumigant mixture was tested against both stages together. The 

fact that different stages are tolerant to each fumigant suggests that phosphine 

and methyl bromide act in different ways. This view is supported by the work 

of Bang (1966) who observed that phosphine increased and methyl bromide 0 

decreased the uptake of oxygen. Howqver, results with the fumigant mixture 

showed that the two fumigants had a strong additive effect, indicating a 

common mode of action. The mixture was not observed to be cynorgistic, 

although if the fumigants did act independently, each may have behaved 

synergistically by sensitising the centres acted on by the other, thus 

increasing the level of kill to resemble that for an additive rather than 
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an independent mode of action. However, the most likoly explanation for the 

results is that the two poisons are in fact additive, each having many moacs 

of action, most of which are to some extent shared. 

Other Ex eriment$ on Diapause and F1. imiration 

Experiments on adults of normal appearance after fumigation of diapausinC 

larvae showed that, with methyl bromide, fertility was slightly lowered, 

while no effect was demonstrated with phosphine. Diapausing larvae surviving 
i»FtrFile 

fumigation are thus much ices likely to produce/adultn than are pupae, and 

the level of the adult emergence may be taken as a realistic guide to the 

success of a fumigation. The termination of diapauoe was hastened by 

fumigation, and therefore survivors from diapausing larvae differed from 

other stages in emerging earlier rather than later than control samples. It 

may be inferred that unsuccessful fumigations may not only fail to kill pests, 

but also may speed the increase of an infestation if the temperature is 

favourable for moth development, by hastening and synchronising the emergence 

of a diapausing population. 

To further assess the effect of diapause on fumigation, tests were performed 

on diapausing pupae of Pieris brassicae and on diapausing eggs of Bombyx mori. 

Both stages proved tolerant to methyl bromide and phosphine, indicating that 

tolerance to fumigation when in diapause was not restricted to larvae. At 

10 °C, both stages survived long exposures to phonphine, and hatch of diupaucing 

eggs of B. mori was not lowered after exposure to methyl bromide at 4.8 mg/1 

for 48 hours. Pupae of P. brassicae were not tested with methyl bromide at 

10°C, but were much more tolerant than egge of B. mori at 25°C. A CT product 

of 403 mg/1 was required for complete control, whereas pupae which did not 

enter diapause succumbed to a CT product of 60.5 mg h/1 at 20°C. Currently, 

diapausing pupae of P. brassicae are the most tolerant of insect stages tested 
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with methyl bromide, and are rivalled only by the hypopi of certain mitca 

(Brown, 1959). 

METHODS OF CONTROL 

Diapause 

The importance of. diapause in increasing tolerance to fumigation has been 

clearly indicated. Much information has been Lathered on the factors 

controlling diapause in stored product moths, and possibilities for using 

some of these factors to the insect's disadvantage can be explored. The 

manipulation of photoperiod to reduce overwintering populations has already 

been proposed for some crop pests (Hayes et a1., 1970; Sullivan at al., 1970). 

The storage environment offers further possibilities for the control of 

diapause. In heated premises, diapauce induced by shortening daylength in 

the autumn can be avoided or terminated if long-day conditions provided by 

artificial light can penetrate to situations where moths breed. It is true 

that populations may then build up at a faster rate than usual, but there is 

a much better chance of a successful fumigation with methyl bromide in the 

absence of diapause. The alternative possibility in heated premises of 

encouraging diapause at all times of year by artificial short daylength, 

and hence reducing population increase, is limited by the difficulty of 

completely shielding the environment from natural daylight, which even at 

very low intensity will encourage development without diapause during summer. 

Furthermore, there is a tendency for populations to isolate a non-diapausing 

strain if kept continually at temperatures high enough for breeding. 

In unheated premises, it would be difficult to prevent the autumn induction 

of diapause and render the population cold-susceptible, because fulling 

temperatures bring about. diapause, even in long daylength. The cost of 

heating large premises would prove prohibitive, and even if diapause was 
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successfully avoided by a long period at high temperature and long dayleng; th, 

winter conditions would not normally be severe enough to prevent survival of 

larvae feeding in the food bulk, and fumigation would I3till be ncces&: ary. 

Heating for a few weeks would be of much greater value in the spring, when 

a highly synchronised emergence could be produced after the long expoL; ure of 

diapausing larvae to winter conditions. Fumigation with methyl bromide should 

then be very successful against pupae, adults, and eggs, a CT product of 50 

mg h/1 being adequate at 250C or above, and 80 mg h/1 at lower' temperatures. 

An alternative method for controlling the post diapause emergence is the use 

of dichlorvos sprays or vapours (Green et al., 1966; Press and Childs, 1966; 

Schulten and Kuyken, 1966). An oil mist containing dichlorvoo sprayed nightly 

has been shown to give good control of adult E. elutella, and had the advantage 

of avoiding contact with warehouse staff (Green at äl., 1968). 

Fumigation 

The present work has provided much data on the toxicity of methyl bromide 

and phosphine to moth species, but infozmation on other fumigants is still 

lacking. Of the two fumigants considered, phosphine is effective against all 

stages in long exposures at high temperatures, while methyl bromide is efectitie 

against all stages other than those in diapauce, 

high for the safety of the treated commodity. A 

would be highly effective, but is not at present 

large-scale use because chemical properties and 

widely. 

which require CT products too 

mixture of these two fumigants 

an economic proposition for 

nodes of application differ 

0 

An attempt has been made in table 108 to give fresh Cuidance on the treatment 

levels of phosphine and methyl bromide required for control of various croups 

of insect pests of stored products based on the present work on moths, and on 
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work done by others at the peat Infestation Control Laboratory on boetlcr:. 

Dosages for methyl bromide are expressed as CT products, while. for phov; )! i. no 

they are expressed as days of exposure at 0.2 mgJl. With methyl brouitlo, th 

CT product listed is the calculated result in free space after sorption and 

leakage have taken their toll of the done originally applied. It should be 

noted that CT products of over 200 mg h/1 are not always practical, atr, at 

these levels some commodities are liable to tainting or residue problems. 

Furthermore, any periods when the free-space concentration is 3 me/1 or below 

may not be effective, and it is not known to what extent temperature affects 

this level. The exposures listed for phosphine should not require adjustment 

unless the free-space concentration falls below 0.1 mg/l during the first 8 

days, or 0.05 mg/1 thereafter. 

. 
. 
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TABLE 108. Domges recommended for coml)lete control of different r,. 

GROUP NO. 

of insect pests of stored products by fumij; rit ion with 

phosphine or methyl brornic? r. 

INSECTS (ALL STAGES INCLUDING THOSE IN DIAPAUSE) 

1 Pyralid moths other than Enhertin eiutelln 
2 Beetles other than Tro {oderrna granarium and (phorphine 

only) Sitophilun spp. 
3 All moths tested 
4 All beetles tested 
5 All moths and beetles tested 

TEMP 
oC 

GROUP 
No. 

PHOSP}IINE 
(days at 0.2 mCA) 

MMTIWYL BROMIDE 
(CT products : mg h/1) 

25 and 1 3 50 
Above 3 3 125 

If* 8 18o 
5 8 180 

15.. 20 1 9 70 
2 14 180 
3 10 300 
4 21 200/ 
5 21 300 

10 - 15 1 16 80 
2 16 200 
3 16 300 

1 2 3 0rß 
5 21 300 

* Data not available for diapaueing larvae of 

Tropoderma granarium. 

' Tolerance of larvae of T. rranarium can be further 

increased by starvation or by provision of crovicos 

(Reynolds, 1956). 
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SUMMARY 

1. Studies on the developmental limits of 4 stored product moths choNcd 

that newly laid eggs of P. interpunctella were more sur; ceptiblc to low 

temperatures than the three hortia species. In all species, field 

stocks were much more tolerant to low Pit than laboratory stocks. 

2. The percentage yield of adults from cultures set up with egge was 

äetezmined by the area of the food surface rather than by the food 

volume or mass. Yield in cultures of P. interpunctella, E. kuehniell. n 

and E. elutella was markedly lowered with 8 larvae/cm2, and in culturcý,, 

of E. cautella, with 4 larvae/cm2. 

3. Temperature rises of several 0C were demonstrated in dense cultures of 

all species, and were correlated with the number of larvae hatching 

from eggs added. 

Diapause was induced in larvae of E. elutella by rearing at 15 or 20°C, 

or in short daylength or darkness at 25 or 30°C. The laboratory stock, 

which had been reared for many generations at 25°C1 did not enter 

diapause at 25°C, and required short photoperiods to enter diapauce 

at 20°C. 

5. Diapause was induced in larvae of P. interpunctella by rearing in 

darkness or short photoporiods at 20 or 250C, or by dropping larvae 

from 25 or 30°C to 20°C during development. Rearing at high densitien 

encouraged the induction of diapause. As in E. elutefla, the 

laboratory stock of P. intim unctella did not enter diapauce at 25°C. 
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6. Larvae of both E. clutelln and P. internunctt 11a nvoicied dinp ýr, ý 

when reared in long photoperiodc lecc than 1 lux in intennity, 

indicating a very high sensitivity to light. 

ý. Long daylength, high temperatures and periods at low temperature were 

important in terminating diapause in P. into rpunctella and E. e1utelln. 

Two phases of diapause development were distinguished, the firnt 

favoured by low temperature and the second by long daylength anci high 

temperature. One of the effects of a cold exposure was to lower the 

minimum temperature for the termination of diapauce by long dnylength. 

8. In P. bra, cicae, the termination of dinpause under a 16-hour daylength 

at 25°C, was hastened by 16 weeks, but not by 11 weeks, at 5- 10°C. 

' g. Fumigation hastened the termination of diapauße in E. elutella and 

P. brassicae. In contrast, non-diapausing stages show a delay in 

development after fumigation. 

10. Eggs of P. interpunctella, E. cautella, E. kuchniella and E. clutella 

were highly tolerant to phosphine for the first 30 - 40% of the 

developmental period. Other stages were quite susceptible, although 

diapausing larvae of E. elutcila were more tolerant than feeding 

larvae or pupae. 

11. Phosphine was more efficient against all stages in longer exposures, 

and the lower the temperature the longer was the exposure period 

required for effective control. 

i 
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12. For phosphine to be effective against diapaueiri i_arvoc of the field 

stock of E. e]. utella at 25°C, a minimum concentration of 0.01 il g/1 

was required. 

13. Diapausing larvae were highly tolerant to methyl bromide, while other 

stages proved quite susceptible. Diapausing larvae of E. elutelln 

were more tolerant than those of P. interpunctella, and diapauning 

larvae of field stocks were more tolerant than those of laboratory 

stocks. 

14. With both funigants, the difference in susceptibility between 

diapaucing larvae of laboratory and field stocks was leas apparent 

at some temperatures than others. Rearing under constant conditions 

had altered the effect of temperature on cucceptibility in laboratory 

stocks, underlining the importance of using wild stocks in toxicity 

studies. 

15. Haber's rule was verified for methyl bromide over a restricted ranee 

of concentrations. Tests were conducted on egce at 15oC. 

16. With -larvae, of E. elutella, the method of diapauco induction or 

termination, or the length of time narplea had been held in diapauco 

before fumigation, did not significantly affect susceptibility to 

fumigants. 

17. In P. interpunctelln, diapaunine larvae reared under high population 

pressure were more susceptible than larvae reared at lpw density. 
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18. Diapaucing eggs of B. mori and diupauning pupuc of P. brnf; ri cr+c 

were highly tolerant to phosphino and rothyl bromAdo. Diapn. uci. ng 

pupae of P. bri&. icae have the higheet tolerance to ý, ethyl bromide 

of all insect stages so far tested. 

19. Practical recommendations for fumigant docagen have been prepared 

for various groups of insect pests, illustrating the need for 

0 fumigation temperatures to be high for effective control. At 15C 

or below, CT producto of 300 mg h/1 are required for complete kill 

of diapausing larvae with methyl bromide, while with phosphine at 

100C, a 16-day exposure is needed for complete control of moth eggs. 

f 
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