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lm1 PNEUMATICAL ~ERIMENTS ABOUT RESPIRATION 

XVIII 

Of Wbat Ha.ppened to Sane Creeping Insects in our Vacuum 

Notwithstanding the great Variety of Repliills, that 
Nature does al.most everywhere produce; yet the inconvenient 
time and place, wherein the following Tryals were made, 
supplyed me with so few, that about these Animal s I .find 
among 1liY' Adversaria no more than the ensuing Notes. 

Experiment I. 

We took ti ve or six Ca.terpillars or the same sort; 
but I could not tell to what ultimate species the Writers 
about insects reterred them. These being put into a se­
parable Receiver or a moderate size, bad the Air drawn 
away !rom them, and caretully kept fran returning. But 
notwithstanding this deprivatiœ ot Air, I tound them, 
about an hour atter, moving to and tro in the Receiver; 
and even above two hours a.tter that, I could by shaking 
the Vessel, excite in them some motiœs, tbat I did not 
suspect to be Convulsive. But looking upon them again 
sane time betore I was to go to bed ( which maybe was about 
10 hours art er they were tirst included) they seemed to be 
quite dead, and, though the Air were forthwith restored to 
them, they continued to appear so, till I went to Bed; yet, 
tor Reasons elsewhere expressed, I thought tit to tcy, 
whether time might not at length recover them, and leaving 
than all night in the Receiver, I fomd the next day, tbat 
3, if not 4 of them, were pertectly alive. 

Robert Boyle 
Philosophical Transactions of the 
Royal Society, Volume V, PP• 2051-2056. 
1670. 
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STAT:ElOOT OF CONTRIBUTION TO KNOWLEDGE 

The work described in this thesis bas contributed to scientific know­

ledge in the follow:i.ng ways: 

(1) For the first time it has been shawn that the response of insecte 

to poison gas at reduced pressures may follow a complex rather 

than a regular curve when mortality is related to pressure. 

(2) A zone of high resistance between 30 and 50 mm. has been dsnon­

strated w1 th larvae and adulte of Tenebroides mauritanicus (L.). 

Resistance in this zone is related to the effects of reduced 

pressure and is connected in some way with reduction of the 

visible activity of the insects at these pressures. The res­

panse in this zœe is apparently independant of humidity. 

(3) It has been shawn that at pressures lower than the zone of high 

resistance the mortality of T. mauritanicus is due more to des­

sication than to the action of the fumigant. 

(4) With .!• mauritanicus there is an optimum pressure in the region 

of 75 to 150 mm., at which the insects are more susceptible to 

poisoning. This optimum occurs at a pressure where visible ac-
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tivity is normal; below this pressure there is a progressive 

reduction in activity. 

(5) The responses of two other insect species, represented by the 

larvae of Tenebrio molitor L. and the adults of Tribolium 

confusum Duv., are similar to those of !• mauritanicus but 

they occur at different pressure ranges. 

(6) In the vacuum fumigation of jute the operating pressure and the 

humidity in different parts of the system are round to affect 

the mortality results more than the depth of the material which 

the fwni.gant has to penetrate. 

(7) Another effective technique of vacuum fumigation has been found. 

In this technique, after an initial pressure of 25 mm. is pro­

duced in the system, atmospheric pressure is restored graduall.y 

over a period of two hours. This method was the most efficient 

of those studied for the treatment o.f' bales of jute of low mois­

ture content. 

(S) This work has shown that in the study of vacuum tumi.gaticn the 

reactions o.f' the insects may vary greatly with compara ti vely 

small changes in the pressure of the system. Because the bio­

logical. aspect is critical, research in this field should not be 

carried out by chanical means alone. 

April, l95S. 
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THE RESPONSE OF THE CADELLE Tenebroides mauritanicus (L.) IN THE VACUUM 

FUMIGATION OF JUTE WITH METHYL BROMIDE 

INTRODUCTION 

The present study was suggested by some observations made during 

field trials to test a new technique of vacuum fumigation proposed by 

Brown and Heuser (1953a & b). The resulta of these trials, which were 

described by Monro and King (1954), showed that in some treatments the 

distributicn of insect morta.lities within pressed bales of jute bags 

was the reverse of what was expected. '!he insects used in the trials 

were mature larvae of the cadelle TEnebroides mauritanicus (L.) and of 

the granary weevil Sitophilus granarius (L.). The mortalities at or 

near the centre of the bales were higher than those recorded near the 

surface or in the free air space of .the fumigation chamber. In fumiga­

tion work, done either at atmospheric or reduced pressure, it has been 

considered that the main problem is to effect satisfactory penetration 

of the gas into the camnodity, and that insect mortalities may be lower 

in the centre of a package than at the periphery. 

This unexpected finding was considered of sufficient significance 

to justify an attempt to find a satisfactory explanatiœ. It was neces­

sary to discover whether or not these resulta were artifacts. If they 

were not, the investigation would undoubtedly reveal important informa­

tion about the responses of insects during vacuum fumigation, information 

which might prove of interest in theory and of value in practice. 

Definition of Vacuum Fumigation 

"Vacuum fumigat i on" i s a technique in which material to be disin!'es­

ted or sterilised is placed in a chamber capable of withstanding an 



extemal. pressure of one atmosphere. After the chamber is loaded and 

closed it is exhausted until a pre-selected pressure varying from 300 

to 10 JIDlh Hg. is attained. Af'ter the required initial pressure is pro­

duced a tumigant (poison gas) is introduced and allowed to remain in 

the chamber for the langth of time needed to effect the desired resulta 

on the offending organisms. Following the initial exha.ustim of the 

chamber, various manipulations of the pressure of the system are effected 

ei th er bef ore, during, or after the introduction of the fumigant. Theae 

will be described below, and discussed in more detail. At the end of 

the prescribed exposure period atmospheric pressure is restored in the 

system, if this has not already bean done as part of the process, and 

the gas-air mixture is then pumped out into the open air in a procedure 

lmown as "air-washing". 

'!he primary ad van tage of vacuum tumigaticm is that, following the 

removal of a large proportion of the air from material undergoing treat­

ment, the diffusion of the fumigant to all parts of the load is hastened 

and facilitated. It has also been shown that sane species of insects 

are more susceptible to the taxie ef'fect of the treatment as a result 

of their exposure to certain reduced pressures. However, as this the sis 

will show, it is not possible at present to generalise on the reactions 

of insects to the low pressures experienced during vacuum fumigation. 

Since its introduction in practice about 19l3 (Mackie, 1931) a spe­

cial tenninology has been used to describe the process and its variatims. 

Workers in this field have right~ criticised much of the terminolog.r 

as pure jargon, which is not scientitica~ descriptive (Johnson et al., 

1938; Monro, 1941; Page et al., 1953). It was pointed out by ali these 
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authors that the term "vacuum fumigation" is actually a misnaner. More 

satistactory terms would be "tumigation at reduced pressure" or "low 

pressure tumigatico". Also, Page et al. (1953) proposed abbreviated 

descriptions to identity tour ot the variations in the ma.nipulatiœ ot 

the vacuum fumigation process. 'Ihese descriptiCl'ls will be given below, 

in the review deallng w:i.th the vacuœn fumigation ot material. 

Vacuum tumigation installations are now canm.on throughout the world 

and are used in plant quarantine work and tor the treatment ot certain 

canmodities, such as tobacco, cotton, pa.ckaged cereals, and jute bags, 

into which tumigants penetrate very slow:cy at atmospheric pressure. 

'lhroughout this pa.per, when pressures are given in metric units, 

the abbreviated term "DDn• pressure" reters to the pressure in milli­

metres of mercury- (Hg.). 

REVI»l OF PREVIOUS INVESTIGATIONS 

In order to understand the efteets ot vacuum tuœigaticn on insecte 

it is necessacy to study their responses to reduced pressures under 

three main sets ot conditions:-

(1) In an empty ehamber in the absence of the fumigant. 

(2) In an anpty chamber in the presence of the tumigant. 

(3) In or en material during an actual fumigation. 

It is also convenient to review previous work under these same general 

headings. 

Effect on Insects ot Reduced Pressures Alone 

Robert Boyle (1670) made the first recorded observaticns on the ef­

fects ot reduced pressure on inseets. Bqyle eollected vari.ous inseets, 

whieh he was unable to name aceurat~, such as caterpillars, tlesh-tlies, 
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fiies, bees, wasps, butterfiies, and a grasshopper. He subjected them 

to vacuums of \Ulkno-m pressure for periods of ten hours or longer and 

noticed that several species were able to revive when restored to nor.mal 

atmospheric pressure. 

Francois Huber (1814), in a series of experimenta on bees, showed 

that these insects can withstand very law pressures for short periods of 

time. The obervations of these older authors were purely qualitative 

and no attempt was made to explore the possibility of employing reduced 

pressures as a means of insect control. The first practical study was 

that of Cole (1906), who investigated the feeding, oviposition, and sur­

vival of Sitophilus ~ (L.) at reduced pressures. He fo\Uld that at 

1 inch Hg., in the presence of damp bread supplying both moisture and 

food, 5 out of 10 adults were active after 15 days. Another important 

observation was that at 5 inches of pressure in a dry bell jar all of 

ten weevils were dead after 7 days, and no feeding took place. But at 

the same pressure in the presence of a dish of water, from which a.ll 

oxygen had been extracted, !ive of the weevils lived for 23 days and 

feeding and copulation took place. Cole conmented as follows :- "These 

experimenta emphasize the importance of moisture to grain weevils. In 

the first one it would have been cmcluded that the weevils died owing 

to the deprivation of oxygen, but the second experiment proves at once 

that the deaths were due to the severe dessication which would natural­

ly be set up in the first case." It should hardly be necessary to point 

out that there would be less ~gen present in the second experiment 

than the first. In the second test part of the pressure would be exerted 

by the moisture, which, a.t the mean temperature of approx:i.m.ately 200 C. 

at which Cole did his experimenta, would be 17.5 mm. Hg., or 
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0.69 inches Hg. 

Back and Cotton (1926) made a thorough exploration ot the possibility 

of using high vacuum as a practieal means to control twenty important 

stored product insects and their stages. In experimenta with the vacumn 

sustained between 1 and 2 inches pressure Hg., and at temperatures rang­

ing tran 60° to 70° F., all larvae, pu}:8e1 and adults of the species used 

were killed in 24 hours, except that 50 per cent of the larvae of Trogo­

derma ornatum (Say) survived. The eggs of onlJ' cne species were used, 

those of Tineola bisselliella (Hum. )1 and of these 90 per cent survived. 

At higher pressures, from 2 to 6 inches and the same range of temperatures, 

in a concrete vault, sane insects survived exposures of 41 5 and 6 days, 

and art er 7 days some larvae of Attagenus piceus ( Oli v.) 1 Tenebrio obscurus 

F., and !• ornatum survived. 'lhese authors made no mention ot the humidity 

ccnditicns in their experimenta. 

Lutz (1929) made a number of observaticns on the ability of various 

species of insects to withstand low pressures. He noted that 2 out ot 10 

adult fruit tlies (Drosophila sp.) were able to survive 24 cycles of ra­

picl.ly altemating changes ot pressure trom atmospheric to 22 BDn. (the 

vapour pressure or water at normal summer temperatures). 

Fisk and Shepard (1938), world.ng with Tribolium confusun Duv., aJ.so 

reported that death at reduced pressures was accelerated in the absence 

of extemal moisture. Livingstone and Reed (1940) using Ephestia elutella 

(Hbn.) and Lasioderma. serricome (F.) were the tirst to weight insecte 

betore and atter exposure to vacumn, and to demonstrate quantitatively 

that evaporation and mortality are directzy related. 

El Nahal (1953) in a detailed study ot the response ot s. granarius 
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and §.· orzza to reduced pressures, used factoriall.y' deeigned experimenta 

to demonstrate the interaction of three pressure levels (20, 40, and SO 

mm.) with three levels of humidity, exposure time, and temperature, res­

pectively. He showed that the mortality of §.• oryza increased sharply 

with decrease in pressure, but that this ef.t'eet was less obvious with 

2• gr&narius at the pressures studied. Mortality wa.s reduced by increas-

ing the humidity at ali pressures and was augmented by prolonging the 

exposure or increasing the temperature. 

Bhambhani (1956) followed up the work of El Nahal by mald.ng similar 

experimente with the same two species, but he also measured the water loss 

by weighing the insects before and a.fter exposure to the vacuum. Bhamb­

hani con.firmed that at the pressure range or 20 to SO nun. the percentages 

of water loss and the mortality are directly related. However, he made 

the significant observation that at the very lw pressures of 2 to .3 nun., 

water loss wa.s greatly reduced and there was no mortality. 

Narayanan and Bhambhani (1956) tomd that adults of Tribolium castaneum 

(Hbst. ) were all killed wh en exposed to a low pressure of 45 - 50 mm. tor 

1.35 minutes at .35° c. Loss ot weight or the insects averaged 49 • .3 per 

cent. For shorter periods under the same ccnditions both mortality and 

loss of weight were progressively less. In the same treatments, mature 

grubs of Trogoderma. granarium Everts showed only ,36 per cent mortality 

for the longest exposure of 1.35 minutes, and loss of weight was corres-

pondingly less. These authors suggested the use of reduced pressures 

alone as a means to cœtrol insects such as !• castaneum in infested can-
not 

modities, but did/discuss the possible effects on the resulta if the 

humidity of the enviranment were intluenced by the moisture content of 

the material. 



- 7-

Apart from the actual mortality of insects produced by exposure to 

vacuum, with attendant wa.ter losses, it is rema.rkable that very little 

attention has been pa.id to the effects of reduced pressures alone on 

insect respiration. Woodworth (1932 and 1936) measured the carbon di­

oxide produced by honey bees at pressures between 50 and 700 mm. Hg. at 

10° and 25° c. He round that at pressures below 600 mm. the insects at 

first responded by increasing the output of carbon dioxide. He referred 

to this as "the period of irritation". After some time the insects re­

turned to the normal rate of respiration. These resulta were expl.a.ined 

by Woodworth as being due to acclimatization, similar to that shown by 

mO'Wltaineers who, a:tter an interva.l of discanfort in breathing, f~ 

adapt themselves to high altitudes. 

Effect of Fumigants on Insects Applied at Reduced Pressures 

Vacuum fumigation was used for some time in practice before any scien­

tific study was ma.de of the response of insects to the canbined action of 

poison gases and reduced pressures. Cotton (1932) studied the effect of 

ethylene oxide, methyl chloroacetate, carbon disulphide, and ethylene 

dichloride œ Ephestia kuehniella Zell., .§.• o;ryza., and !• confusum at a 

range of reduced pressures from 25 to 1 inch Hg. pressure. 'lhe mortalities 

recorded varied inversely with the pressure. Cotton concluded that axygen 

deficiency was the factor re.sponsible for the grea ter effecti veness of 

the fumigants as the pressures were decreased. This deductiœ wa.s open 

to the objection that the lower pressures themselves may have been respon­

sible for the differences in mortality observed. Subsequently Cotton, 

Wagner and Young (1937) reported two further experimenta with ethylene 

oxide as the fumigant in which the oxygen tension in the chamber contain­

ing the insects wa.s held at 1. 77 per cent in one test and at 7.26 per cent 
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in the other. In both tests the total pressure of the system was the 

same, the difference in the composition of the gases being made up by 

the additional atmospheric nitrogen which was present in the first test. 

In the first experiment mortality of the insects wa.s canplete, in the 

second all the insects survived. These workers therefore contended that 

the further experimenta contirmed the conclusic:n that, fran a physiolo­

gical standpoint, the oxygen deficiency attendant on vacuum fumigation 

rendered insects more susceptible to the actic:n of the fumigants with 

which they worked. From this study they also concluded that the lower 

the pressure at which the work was doo.e, the greater would be the mor­

tality ot the insects. In these two studies by Cotton and his co-workers 

no attention wa.s ~id to the role of moisture in vacuum fun:igation. 

Moore and Carpenter (1938) investigated the affect of different air 

pressures on adults of !• confusum and 2• oryza during fumigation with 

hydrogen cyanide (hereafter referred to as HCN). The exposure periods 

of 10 minutes were very short eompared w:i.th the three or four hours usual 

in practical fumigations. With !• confusum the resulta were similar to 

those reported by Cotton, namely that mortality varied inversely as the 

pressure, the highest mortalities being achieved at l - 2 mm. pressure. 

However, this study revealed an important variation in the response of 

2.• ory-za. With this species the mortality did not vary inversely as the 

pressure, the highest mortality being recorded at about 70 mm. pressure. 

salmond (1953) canpa.red two methods of vacuum fumigation with 

HCN against the adults ot §.• grana.rius and §.• oryza. In the first 

method the vacuum was sustained du:ring the exposure period at the initial 

pressure attained after the introduction of the fumigant. In the second 

atmospheric pressure was restored in the evacuated chamber by the re-
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introduction of air imnediately after the f'umigant was introduced. Pres­

sures, dosage, and axposure period were ali varied in an incomplete block 

arrangement lmown as a Youden square. It was found tbat restoration of 

air ( "Preliminary pressure reduction") caused lesa mortality than fumi­

gation at sustained.-vacuum. 

Narayanan and Bbambbani (1957) used carbcn disulJtrl_de against !• !!!!:" 

taneum and !• granarium in vacuum fumigation experimenta at pressures of 

140, 300, and 500 mm. and at atmospheric pressure. They round that the 

median lethal dose in milligrams per litre varied directly as the pressure. 

It should be noted at this point that the lowest pressure used by these 

aut.hors was a compa.ratively high one for vacuum fumigation. Also, they 

did not attempt to relate their own resulta at reduced pressure alone 

(Naraya.runand Bhambbani, 1956) to the possible combined effects of the 

fumigant and the reduced pressure. 

Use of Vacuum Fumigation Against Insects in or œ Ma.terial 

The presence of infested material in the vacuum fumigation system 

must obviously modi:ty the ef!ecti veness of any gi ven dosage of fumigant 

applied by any method. This effectiveness must be judged by the ability 

or the :tumigant to reach every part or the material and to bring about 

the desired mortality of the insects, including those in the rree space 

of the chamber or on the surface of the commodi ty should any move out 

or the ma.terial during the treatment. 

Following the introduction of vacuum fumigation as a practical method 

of disinfestation, variations in the technique were recommended and carried 

into practice. These modifications were based on the interpretaticn by 

different workers of data derived either tram insect mortality or from 

the resulta of gas sampling at different points in a loaded cbamber 
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undergoing fumigation. As already stated, the variations are concerned 

with manipulaticns or the pressure or the system at different times dur-

ing the progress ot the treatment. The criteria of etfectiveness inc1uded 

one or more ot the tollowing:-

(a) Increased insect mortalities, with f'/V'ery part ot the system ac-

counted tor. 

(b) Better penetration ot the tumigants towards the centre ot packages 

as revea1ed by chemica1 analysis. 

( c) Even d.istributicn ot the f'umigant concentrations throughout the 

system. 

The different techniques are here considered in the historical order ot 

their adoption. Because the terms suggested by Page et a1.(1953) are tully --
descriptive, they are used as tit1es in the to11owing list:-

1. Vacuum fumigation with atmospheric pressure restored imm.ediatel,y 

atter dosage.-This has been known in North America as the 11re1eased vacuum" 

or dissipated vacuum" method. Bath these tenns are not scientitieal:b' des-

criptive; neverthe1ess, "re1eased vacuum" is ccncise and is general:b' 

accepted as a designation ot this particular technique. This method was 

extensively adopted in the United States, for the vacuum f'umigation of' 

baled cotton imported into that country, as described in same detail in 

the U.S.D.A. Federal Horticultura1 Board Service and Regulatory Announce-

ments (1915). The wri ter has, however, be en una.b1e to trace any report 

ot scientific work which would support this method. In the early' paper 

of Sasscer and Hawkins (1915), describing the use of HCN for the fumiga-

tiœ of seed, it is specifically stated that the vacuum wa.s sustained 

af'ter the introduction of the fumigant. In the report of Maclde (1916) 



- ll-

on the vacuum f'umigatim of' cigars with carbon disulphide to control the 

tobacco beetle, af'ter the gas was introduced the "vacuum was reduced to 

16 inches", presuma.bly by the re-introduction of atmospheric air. How­

ever, Macld.e gives no experimental data to support this technique. 

2. Vacuum fumigation with simultaneous introduction of' air and f'u­

migant.-This is 11La méthode des introductions simultanées" developed by 

Lepigre (19.34 and 1949 ). This technique consists not; in f'ollowing the 

f'umigant with a stream of' air, but of' allowing the f'umigant in a gaseous 

f'onn to be mixed evenly with the air as it .f'lows into the vacuum chamber, 

so that a constant proportion of' f'umigant to air is maintained until the 

entire dosage bas been introduced. This method bas been widely adopted 

in France and in the territories of' the F.re.nch Union. Special gasaneters 

are needed to hold the f'umigants in gaseous f'orm so that they may be mixed 

in the correct proportions with the inf'lowing air. 

It is claimed by Lepigre that this method. ensures the even distribu­

tion of' the f'umigant throughout every part of' the system, the correct 

proportion being carried in by the air as it f'lows into the evacuated 

spaces in the camnodity • 

.3 • Sustained.-vacuum f'umiga.tion.-In this technique, af'ter the intro­

duction of' the fumigant, no air is del.iberate]S introduced and the system 

remains at reduced pressure which may sometimes be slight]Jr increased by 

leakage of' air into the chamber, a condition wbich is unavoidable under 

commercial conditions. Atmospheric pressure is not restored untU the 

completion of' the desired. fumigation perlod. The possible advantages of' 

this method were f'irst suggested by the f'indings of' Cotton (19.32), dis­

cussed above, that o:xygen deficieney contributed towards the mortalit7 

of some species of' insects exposed to f'umigants. Subsequently, a number 



-12-

of workers found this method more effective than "relea.sed vacuum" against 

a wide range of insecte in a number of different camnodi ti es wh en HCN, 

ethylene oxide or methyl bramide were used (Crumb and Chamberlin, 1933; 

Young et !_!., 1935; Lindgren, 1936; Johnson ~ !!_., 1938; Monro, 1941). 

Recently Brown and Hauser (1935a & b), world.ng with HCN, ethylene oxide 

and methyl bromide, have found the sustained-vacuum more effective than 

method 2, that of Lepigre. 

4. Vacuum fumigation with atm.ospheric pressure restored after a 

period.-In their work on the penetration of methyl bromide, as revealed 

by chemical analysis, into boxes of dates, bagged whea.tfeed and whalemeat 

meal, Brown and Heuser (1953a & b and 1956) proposed an index of fumiga­

tion effectiveness called a "penetration factor". This factor is eal­

cula.ted by expressing the concentration x time product found at any given 

point in the system as a percentage of the product of the nominal concen­

tration multiplied by the selected time. They also experimented with a 

new technique, sustaining the vacuum for part of the exposure and then 

restoring atm.ospheric pressure for the balance of the time before the end 

of the trea.tm.ent. In ali their experimenta with methyl bromide on the 

above products the penetration factors were higher tban with methode 1, 

2, and 3, wh en the average wa.s taken of sampling points at the centre of 

the material and 3 inches deep w.i.thin it. If the production of high con­

centrations of fumigant within the material is the end desired, the new 

method constitutes a notable advance in vacuum fumigation technique. 

However, it should be pointed out that, beeause the observations were 

based entirely on chemical ana.lysis, no information wa.s given on the re­

lative effectiveness of the old and new techniques against insecte. 
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The Role of Sorption in Vacuum Fumigation 

Sorption of the fumigant by the load is a factor of prime importance 

in aey fumigation. '!he initial dosage (usually referred to as the nani­

nal concentration) is progressively red.uced by the sorption of the fumigant 

gas by the ma.terial in the chamber. The sorbed gas is rsnoved .trom active 

participation in the process, and is not available for poisoning the in­

sects. Important factors aff'ecting the amount and rate of sorption are 

the chemical and physical properties of the fumigant, the nature of' the 

camnodity, and the temperature of the system. Moisture content of a cer­

tain material may influence the amount of a given fumigant sorbed by it 

(Soma.de, 1955). 

The problem of the 1oss of fumigant concentrations to the load in the 

chamber is an important study and has been the subject of many investiga­

tions and a considerable amount of speculation. 'lhe subject has been 

reviewed by' Page and Blackith (1954). 

In a stuqy of the bio1ogical aspects of' fumigation, such as the pre­

sent, the investigator is principally interested in the concentrations 

of fumigant available for acting on the insects during the period of 

exposure. Theref'ore, no review of' this sanewhat controversial matter of' 

fumigant sorption is included in this thesis. 

The Problem of Residual Vapours 

At the conclusion of a vacuum fumigation treatment it is necessary 

to rEIIlove as much as possible of' the poison gas both from the chamber 

and from the fumigated material itself. This procedure is imperative 

in order to prote ct the employees working in the chamber, or handling 

the fumigated material subsequent to treatment. Furthermore, if no at­

tanpt is made to remove the fumigant fran w.i.thin the treated ma.terial, 
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the residual vapours may continue to rea.ct with the ma.terial for seme 

time after the actual treatment is completed. 'Ibis post-fumigation 

reaction may be of importance with fumigants such as methyl branide, 

which may rea ct chemically wi th certain products to crea te permanent 

residues. 

The air-washing, consisting of restoration of air followed by evacu­

ation, may be repeated a number of times. With materials which sorb 

fumigants strongly this process may have to be continued at length before 

the concentrations in the centre of a package reach a law level. Monro 

and King (1954), in the field trial of the vacuum .f'umigation of jute 

with methyl bromide, observed that concentrations in the centre of the 

bale were temporarily increased each time atmospheric pressure was re­

stored in the chamber during the air-washing process. This effect 

appea.red to be due to the fact that the inrush of air drove the vapeurs 

fran all parts of the system back into the centres of the bales. 

This internal high concentration may actually work to same advantage 

by leaving a reservoir of tumigant which may continue to diffuse through­

out the material and overcane those insects not already killed during 

the treatment itself. This is known as the post-fumigation ef.f'ect, and 

its value has been noted w.i.th hydrocyanic acid gas on cottcn by Johnson 

!i !:!• (193S) and on tobacco by Livingstone and Reed (1940). 

In the treatment of foodstuffs such residual vapours may be of criti­

cal importance. In the fumigaticn with methyl bromide of walnut meats 

in double-walled cellophane baga Gerhardt~ !!• (1951) canpared sustained­

vacuum, released-vacuum, and atmospheric treatments. After the two vacuum 

treatments, which were much more effective than the atmospheric, it was 

round by chemical analysis that residues of bromine in the nuts, formed 
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by reaction of methyl brc:mide, increased steadily up to .21 days if the 

nuts were left undisturbed in the unopened .f'umigated bags. Methyl bro­

mide, lett in the bags at'ter the fumigation, continued to exert a post­

fumigation eft'ect which, t'rom the point of' view of residue formation, 

was not a desirable result of the treatmant itselt. 

In investigations of suitable vacuum fumigation techniques t'or food­

stutfs, therefore, attention should be paid not only to those which bring 

about satisfactory insect mortality, but also to th ose which leave the 

residual vapours so situated tbat they may be removed t'rom the ma.terial 

as rapidly as possible att.er the temination of the definitive exposure 

period. 

EXP~AL APPROACH 

With the techniques now avail.able, fumigation research may be carried 

out by two principal methods, bioassay or chemical analysis. In bioassay 

comparative effectiveness of' different treatments is judged by the mor-

tality of the insects, which is determined either fran those naturally 

infesting the material, if' sutt'icient numbers are present, or t'ro.m special-
. 

ly reared test insects placed in suitable containers in different parts of 

the fumigation system. In chemical analysis gas samples are extracted t'rom 

selected points at intervals of time during the treatment. These samples 

are then subjected to chemical or physical analysis to ma.ke quantitative 

determinaticns of the gas concEntrations present at the particular points 

at the selected times. 

Obviously, if there is alrea.dy a population of insects present in the 

material under natural conditions of infestation the bioa.ssay will pro-

vide a reliable guide to the effectiveness of' the treatment applied. Under 
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laboratory cc:nditions it is difticult to maintain natural populations 

infesting bulk material in the stable condition required for an extended 

investigation to be made. <Àl the other hand, populations of insects 

reared in the laboratory under closely cœtrolled cooditions can provide 

material for com~rable etudies as long as the investigation continues. 

There is the possible objection to the use of test insects that by PLacing 

them in test containers inside the material a purely artificial environ­

ment is created, and the resulta obtained provide no guidance as to wha.t 

might be expected under natural conditions. However, as the present study 

will show, there is no solid ground for the objection if the experimenta 

are properly designed and it, in the progress of the work, it is shown 

that the methods of handling the insects do allow valid conclusions to 

be drawn fran the resulta obtained. 

There is also one theoretical objection to the use of chemical analysis. 

No matter how small a sample is taken, its removal upsets to sane degree 

the micro-environment at the sampling point, especia.lly when sampling is 

done within material. Repetition of sampling at a given point is neces­

sary if a satisfactory curve is to be drawn to demonstrate the flow of 

gas concentrations. Even if sampling is done at wi.de intervals of time, 

repetition can only lead to instability of the air-gas system at such a 

point. On the other œ:nd, a group of test insecte in a sui table container 

will remain in position without disturbing the gas concentrations sur­

rounding it and the mortality response will show the eftectiveness, at a 

given point, of the concentration x time product brought to bear upon 

the insects during the exposure. 

Brown (1944) rightly contends that no proper understanding of the ac­

tion of a certain tumigant upon a certain commodity can be attained without 
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the use of chemical analysis. He also suggests that the inherent varia­

bility of biological material makes test insects unsuitable media for 

studying the action of fumi.gants on the mterials themselves. In his 

opinion studies of the action of fumigants upon insects should be con­

fined to the determination of the concentrations of a tumigant required 

to ld.ll certain species or stages of insects under closely controlled 

laboratory conditions in which the insects are exposed to the fumigant 

alone in the absence of the material. This data could then be related 

to information on fumigant concentrations obtained by chemical analysis 

during the trea'bnent of the ma.terial concemed. On the other band, 

Schmidt (1948) used populations of the adults of 2• orzza for quanti­

tative measurements of .fumigant concentrations in the soil, and showed 

that this insect demonstrates great sensitivity to small differences 

in concentration of the different gases employed. He followed the pat­

tern of diffusion of fumigants with considerable accuracy on the basis 

of the mortalities observed in the different positions. 

In the present study the emphasis has been on the biological aspects 

of the problem of the vacuum fumigation of jute. Therefore, insects 

have been extensively used. Also, whenever considered necessar.y for the 

investigation, analysis by physical and chemical means bas been employed. 

In order to prevent the interference of gas sampling wi th the reaction 

of the test insects, chemical ana~sis and bioassay have not been used 

in the same experiment, unless otherwise mentioned. 

MATERIAL 

Insects 

The principal insect species used in this study was the cadelle 
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Tenebroides mauritanicus (L.). For the investigation of the penetration of 

the fumigant into the jute bales, mature (fourth instar) larvae of this 

species were used. In the study of the intrinsic toxicity of the fumi­

gant at different pressures and humidities these larvae and adults were 

used • 

.!• mauritanicus was chosen for this work for several reasons:-

(a) It wa.s the insect used in the original field trial which pranpted 

this investigation. 

(b) Of all species of insects so tar investigated it is the most re­

sistant to methyl branide (Monro ~ ~., 1956). Thus the study 

could be made at higher concentrations close to those used in 

actual practice. 

( c) A technique has been developed by Bond and Monro (1954) for the 

mass rearing of this insect under unifonn conditions. The popu­

lations so produced are suitable tor bioassay purposes, and in 

the present stu~ were found to give responses of satisfactor.y 

uniformity as shawn by the statistical analysis emplqyed • 

.!• mauritanicus is a member of the family Ostanatidae of the Order 

Coleoptera. It is now a cosmopolitan species of some economie importance 

as a pest of grains. According to Hatch (1942) in Europe the insect lives 

outdoors under bark and in rotten wood where it is predatory on :xy1ophagous 

insects; of the 152 species of the genus Tenebroides known by 1910 this 

was the on1y one reported as being of econanic importance to man. 

'!he family Ostanatidae {Ganglbauer 1899) is placed by Crowson {1955) 

in the Superfamily C1eroidea of the Suborder Polyphaga in the Order Coleop­

tera. 

The larvae and adults of !• mauritanicus, used in large numbers in the 
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present stuqy, were fed on wholemeal flour in quart sealers with screened 

tops. In the rearing roan the temperature wa.s held closely at the range 

25 ± 1 degrees c., and the hwnidity at 70% R.H., throughout the entire 

investigation. The actual technique of rearing is described in detail 

by Bond and Manro (1954). 

In a limited series of experimente several other species of insects 

in various stages were fumigated at low pressures in order to canpa.re 

their reactions with those of !• ma.uritanicus. These insects are listed 

in the appropriate section dealing with this particular study. 

~ 

For the study of the penetration of the fumigant into material, bales 

of jute bags were used for the following reasons:-

(a) This was the commodity used in the field trial. 

(b) The material is non-perishable over extended periods of time. 

For instance, it has been possible to aerate the ma.terial canplete­

ly between tests, so that there are no residual vapours of methyl 

bramide remaining after 3 or 4 days, if the bales are stored in 

a weil ventilated space at temperatures above 20° c. 'lbus, it 

has been possible to use nine bales repeatedly during this study. 

( c) The material is markedly hygroscopie and the moi sture content 

becomes unifor.m throughout the bale, if the humidity of the space 

surrounding it is held at a constant level. The ability to main­

tain the bales at a constant moisture content has proved to be 

very helpful in the present stuqy. 

(d) Jute is highly sorptive, and as sorption is an important factor 

modifying .fumigant penetration, this material is suitable as a 
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medium for a stu~ of the reaction of insects inside material. 

( e) Bales of this ma.terial lend thEmselves to a manipulation used 

in this work, whereby the test insects may be introduced into 

any desired point inside, fumigated, and subsequently removed 

without disturbing the pack of the bale. 

'!he jute bags used were of unifo:rm weight and texture*. They were 

all purchased as cleaned used bags fran a single dealer, and bad be en 

used previously to ho1d poultry feed, the prcx:luct of one manufacturer. 

When in equilibrium. at 70% R.H. and 25° c. the weight of c1oth in a bale 

containing 300 bags was 172 pounds. Thus, the average weight of a single 

bag would be 9.2 ounces (261 gra.ms) under the sa.me conditions. Indi­

vidual bags were approximately 28 inches long and 20 inches wide. 

Fumigant 

The methy1 bramide used throughout this investigation was purchased 

from the manufacturer as 100 per CEI'lt pure. It was delivered in metal 

cylinders containing apprœd.mately ten pomds of f'umigant. 

Important physical properties of methyl bramide (CH3Br) which relate 

to its use as a fumiga.nt 'as given by Brown (1954) are:-

Boiling point 
Specifie gravity of 

1iquid at 0° c. 
Vapour density at 

20° C. (Air = 1) 

J.6° c. (JS.$° F.) 

1.732 

3.27 

*A representative samp1e of 12 pieces of jute from the collection of 
bags was submitted to the British Jute Trade Research Association, 
Dundee, Scotland. '!he materia1 was appraised as follows:-

Clot.h weight (oz./40 in.) 9.6 
'lbreads/in. warp 11.7 
Threads /iR. wett 12 .1 
Warp yarn count (lb./sp.) 8.9 
Weft yam comt (lb./sp.) 9.0 

A trade description of this naterial is 11a 10 oz./40 in. Hessian 11 
porter 12 shots/in•" 
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Although metnyl bramide has been stated in a number of reference books 

to be only very slightly soluble in water, a care.ful detennination by 

Ha.ight (1951) has shown that at 25° c. the solubility is 1.341 g. per 

100 g. of water. 

Simmons and Wolfhard (1956) haYe demonstrated that in ail proportions 

in air methyl bramide is non-fia.mmable; it is, in fact, also used widely 

as a fire extinguisher. 

METHODS 

In this section a description will be given of the main equipnent and 

principg.l methods used in this study. As the experimenta are reported in 

succeeding sections, additional details of special techniques or apparatus 

will be gi ven as required. 

Fumigation Apparatus 

The apparatus used was designed by the writer for investigating a wide 

range of fumigation problems, and a detailed description bas been published 

by Monro and Buckland (1956). At present it will only be necessary to des­

cribe those features which apply more particularly to vacuum fumigation. 

Most of the apparatus, except the control panel and the vacuum pump, is 

housed in an insulated roan (hereinafter referred to as the "main roan") 

in which temperature and humidity can be held within close limita. This 

room ma.y be ventilated, if necessary, through a special duct in the ceiling 

which contains an exhaust fan. By means of a timing mechanism this fan 

can be operated at intervals, as required. 

Fumigation chambers.-Inside the main roa:n are seven cylindrical steel 

chambers with walls 3/16 inch thick, (Fig. 1). Six of these chambers have 

a cubic capacity of 525 litres and the seventh has a capacity of 900 litres. 
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Figure 1. Part of fumigation installation inside insulated 
roam, showing bale of jute bags in a 525 litre chamber. 
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'!be entire inside of each chamber is pa.inted with red primer, applied 

in a bakelite vehicle, covered ldth two coats of clear varnish. The 

door of each chamber has a gasket of soft rubber 3/16 inch thick and 1.5 

inch es l'li de. The in aide of the door bas a tlanged rim protruding into 

the chamber when it is closed. 

'!be detailed ccnstructicn of each of the six smaller chambers is 

i11ustrated in Fig. 2. On1y one chamber is equipped ldth the two glass 

observation ports shown. The dispenser, so called, was origina.l.l.y incor­

porated in each of the smaller chambers for special manipulations tor 

vo1atilising liquida in atmospheric tumigation studies. In the present 

investiga.tiœ the dropping plate mechanism wa.s not used and the dropping 

plate itself was 1eft tully' open. In ail the vacuum fumigations in these 

chambers, liquid methyl branide was drawn into the evacuated chamber via 

the dispenser through the suction tube and onto the surface of the eva­

porating dish, which wa.s slightly wamed by a smal1 100 watt heater. In 

this way the fumigant was vola till zed immediate1y and diftused into the 

main chamber. The seventh, larger, chamber is not equipped with a dis­

penser and the liquid methy1 branide was drawn in through a tube onto the 

surface of an ename1 tray over wbich it spread and evaporated quickly. 

On the walls of al1 sevan chambers there are six threaded one inch 

pipe inlets. Copper tubes running through pipe p1ugs screwed into the 

inlets are used to ldthdraw for analysis samples of the fumigant-a.ir mix­

ture fran different parts of the tree air spa.ce, and from within the 

canmodity, as desired. 

Vacuum pump.-'Ihe pump used for evacuating the chambers, and for aera­

ting them after the canp1etion of the fumigation period, is situated 

outside the insulated. main roam. It is a two stage air cooled vacuum 
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pump driven by a 5 h.p. electric motor. This pump has a ca.pacity of 

49.5 cubic feet per minute a.t a.tmospheric pressure. The lowest pressure 

a.ttaina.ble in the systen of chambers is a.ppraxima.tely 8 mm. As this 

pressure is well below those used in commercial vacuum tumiga.tiat cham-

bers it was not considered necessary, in the present investigation, to 

experiment with pressures lower tha.n those a.tta.ina.ble in this system. 

Mea.surement of pressure.-For the mea.surement of pressure during the 

experimenta, mercur.y manameters and dia.l ga.uges (as illustra.ted in Fig. 

2) were used. The dia.l ga.uges* used for the mea.surement of low pressures 

were of the a.neroid type and ba.ranetrica.lly canpensa.ted, the a.neroid being 

inside the vacuum system a.nd protected fran ba.rometric va.ria.tiona. In the 

range 0 - 40 mm. pressure these ga.uges ca.n be read a.ccura.tely to 0.2 mm. 

They were checked regul.a.rly a.gainst a closed a.rm mercury ma.naneter. 

Lea.ka.ge into steel chambers.-Before ea.ch set of experimenta the seven 

steel chambers were checked for lea.ks. Four of the chambers, including 

the large one, showed very little lea.ka.ge. Ca.reful checking of this lea.k-

age in the four chambers showed tha.t even when the pressures inside the 

chambers were reduced to 10 mm. the increa.se in pressure due to leakage 

rarely exceeded a rate of 0.5 mm. per hour. However, it must be pointed 

out that the pressure of the s.ystem always increased to sane extent in al1 

experimenta when a vacuum was created, for two rea.sons. In the first place, 

evacuation of a chamber brought about a ra.pid decrea.se in temperature in-

side the chamber. As the result of hea.t transfer through the chamber walls 

the original temperature was restored quickl.y, but this ri se was a.ccompanied 

by a proportionate increa.se in pressure, a.ccording to the gas la.ws. Secondly, 

*Fdwards type CG-1 dia.l ga.uge, manui'a.ctured by w. F.dwards & Co. (London) 
Ltd., London S.E. 26, Ehgla.nd. 
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when insects or jute were present in the cha.mber, moi sture was gi ven off 

after the vacuum was created, gi.ving a measurable increase in pressure. 

This wa.s especially noticeable at low pressures below 50 mm. when, as 

will be seen, the insects lost a high percentage of their moisture con­

tent. 

A number of preliminary observations were made on the effect of tem­

perature adjustment on the pressure in empty chambers. It was found that 

the increases in pressure 'Which could be attributed to temperature adjust­

ment agreed with the theoretical values ca.lcula.ted fran the ideal gas laws. 

The changes were small. For instance, when the original temperature in 

the large 900 litre chamber was 25° c., a reduction to 60 liD'll• resulted in 

a final adjustment to 61.5 mm. 

Temperature Regulation 

The temperature in the main roan can be regulated very closely fran 

0° C. to 40° c. by means of the specially designed control system. No 

attempt is made to control the temperatures in the individual chambers. 

Instead, the entire set of chambers is at the temperature of the main rocm. 

Transfer of heat through the steel walls of the fumigation chambers is 

rapid. In all the experimenta, either with insects alone or wi.th bales, 

the origi.nal temperature in the free space of the chambers was restored 

to 25 t 1° C wi.thin 15 minutes of pressure reduction. 

That temperature control may be maintained satisfactorily within the 

chambers evacuated as low as 8 mm. pressure is in confirmation o.f the 

theory that the thermal conductivity of any gas or mixture of gases is 

independent of the pressure until very low pressures are reached (Dushman, 

1949 ). Dickins (1934) has sho"Wn ex:perimentally that by reducing the pres­

sure of air .fran nonnal atmospheric to 11 mm. the thennal conductivity 

is only slightly reduced. 
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Regulation of Humidity 

Humidity in the main roan can be held at any desired point of relative 

humidi ty between 50 and 100 per cent by mea.ns of a control system already 

described (Monro and Buckland, 1956). When required, water fran a reser­

voir is blown out by compressed air through a fine spray nozzle. In this 

thesis the hum.idity conditions prevailing within the chambers at all pres­

sures are expressed in terms of percentage relative humidity (per cent 

R.H.). This method of expression is not only convenient, it is also the­

oretically correct. '!he maximum weight of water va.pour which can be present 

as such in a given space depends only ou the temperature, and is not af­

fected by the pressure of the system (in the order of normal atmospheric 

pressure or less) or by the presence or absence of other gases (Penman, 

1955 ). The value 11percentage relative humidity" is an expression of the 

ratio of the weight of moisture actually present in the space to the weight 

at saturation for the pa.rticular temperature which, in this investigation, 

was 25° c. throughout. 

Evacuation to a certain low pressure resulted in the remova.l of a pro­

portionate amount of the water vapour from the chamber. The theoretical 

relative humidity .following evacuation o.f a chamber with a known initial 

R.H. can be calculated for each pressure below atmospheric by simple pro­

portion. Thus, after evacuation to 15 nm. of a chamber w.i.th 50% R.H. at 

normal atmospheric pressure the relative humidity should be 1%, and at 100 

mm., 6.6%. The actual R.H. prevailing in evacuated chambers was checked by 

the methods described below. Actual and theoretical values for R.H. were 

round to be close. The presence of insects in the chambers caused the hu­

midity to rise slowly during ail vacuum treatments. In none of the experi­

menta w.i.th bare insects did this increase exceed 5% R.H. for the three 

hour exposure. 

In the experimenta designated as "dry" the chambers were at 50% R.H. 
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before they were evacuated. In the experiments at 70% R.H., inmediately 

after evacuation, a weighed amount of distilled water at approximately 

95° C. was drawn into the chamber through a spray nozzle. The amount of 

water required to produce the desired relative humidity at a given pres­

sure was determined by experiment, after preliminary calculations. In all 

treatments at this humidity, in which fumigant was also used, the water 

required for humidity control was introduced immediately after evacuation 

of the chamber, before the introduction of the fumigant. 

In the saturated vapour experiments distilled "1118.ter at approx:imately 

95° c. was placed on fiat pans inside the chambers before they were evacu­

ated. '!he amount of water was in excess of that required, to allOloi for 

the loss of vapour during the evacuation. 

The actual humidities prevailing in the three ranges of humidity des­

cribed above were checked for each experiment by means of recording hair 

hygraneters. These hygram.eters were calibrated before each daily run of 

experiments to record accurately at the pa.rticular ranges of humidity 

expected. Also the humidities in the chambers and the performance of the 

hygraoeters were checked periodically by the use of cobalt thiocyanate 

pa.pers and a Lovibond Comparator, according to the method of Solancn (1957). 

Dispensing the Fumigant 

Several ways of applying the required dosages of metnyl bramide were 

tried out before the following method was chosen and used throughout the 

work. 

A steel cylinder of 2 litre capacity, without a siphon, was inverted 

and connected to a copper tube. The copper tube was wound into a number 

of coils leading through a metal can cmtaining dry ice. The tube passed 

through the fioor of the can to a standard k inch needle valve. By ad­

justing the am.ount of dry ice in the can the methyl bromide could be kept, 
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as a llquid at 0° c. By means of the valve the liquid was measured into 

graduated glass centrifuge tubes. The graduated tubes were calibrated 

with distilled wa.ter to give a reading accurate to 0.1 ml. at 10° c. 

The centrifuge tube containing the required amotmt of methyl branide 

was then .fitted to a rubber stopper through 'Which ran a copper tube lead­

ing into the evacuated chamber. The llquid wa.s thus drawn into the eva­

porating dish as already described. As soon as the centrifuge tube was 

empty it was removed and the open end of the copper tube was closed by a 

small rubber stopper. With practice, the process of connecting and dis­

connecting the centrifuge tube could be carried through with an increase 

of not more than 0.5 mm. pressure in the evacuated chamber. 

Designation of Fumigation Pressures 

In this entire tex:t the statement of the pressure prevailing during 

a given treatment is that of the mean of the two readings made at the be­

ginning and the end or the period of exposure to reduced pressures. The 

11beginning" reading is that reading made immediately after the com.pletion 

or ali initial adjustments to the pressure, inc1uding addition of fumigant 

or moisture, whenever one or both were added. 

Exposure Period 

Ex:cept where otherwise stated, the standard period of exposure to the 

fumigant was three hours throughout the en tire investigation. This was 

counted from. the time that the introduction of the fumigant was com.pleted 

to the time that air-washing be gan. In experimenta wi th out fumigant, the 

period of three hours was counted from the time of establishment of the 

required moisture or pressure conditions until normal atmospheric condi­

tions were restored. 
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Aeration of Chambers 

At the conclusion of the fumigatiœ treatment as much as possible 

of the methyl bromide gas was removed by air-washing. I:f atmospheric 

pressure within the chamber had been reached at the end of the experi-

ment, the vacuum pump was started and the large air inlet valve on the 

door of the chamber (see Fig. 2) wa.s opened. Air was then pumped through 

the chamber, the pressure being maintained at 700 mm. as shown on the 

large gauge, tmtil it was safe for the operators to remove the bales or 

fumigated insecte. The actual time of aeration varied according to the 

type of ex.periment. When bales were present aeratim was longer than for 

a chamber containing only bare insecte. However, to ensure ccnsistency, 

the same aeration time was ma.intained throughout a series of comparable 

treatments. 

Throughout this investigation the safety of the operators wa.s ensured 

by a regular routine of checks wi.th a 11halide lamp"* which indicates, by 

different colour reactions in the flame, concentrations of methyl bromide 

in air down to 30 parts per million. At no time wa.s any operator breath-

ing air which gave indicaticn of methyl bromide on the halide lamp. Under 

the conditions of this work, in which the operators were exposed to fumi-

gated material for only a few minutes each day, momentary exposure to 

concentrations below 30 p.p.m. of methyl bramide would not constitute a 

hazard to health. The American Conference of Government Industrial Hygi-

enists (1957) laid down for methyl bramide a reco.mmended value of 20 p.p.m. 

*Two cammercially available halide lamps were used, both of appraximately 
the same sensitivity: 
(1) "Prest-O-Lite" brand, which burns acetylene, obtainable from Dominion 

Oxygen Co. and agencies. 
(2) "Bernz-0-Matic" brand, which burns propane, manufactured by Otto Burns 

Co. !ne., Rochester, N.Y., and obtainable through Canadian agents. 
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in air as the maximum average atmospheric concentration of this gas to 

which workers may be exposed continuously for an eight-hour world.ng day 

without injury to health. 

Handling of Insects 

The mature (fourth instar) larvae of !• ma.uritanicus, which were used 

in greatest numbers, were exposed to the fumigant on plastic trays or in 

metal capsules. 

For the tests of intrinsic taxicity, in which the insects were exposed 

bare, the trays shawn in Fig. 3 were used. The base of the tray is a sheet 

of clear plastic, 3/16 inch thick, 5! x ~ inches in area. On it are se­

curely glued 30 glass rings, each 7/8 inch internal diameter and 5/8 inch 

high. The glass cella, open at the top, formed by the rings are necessary 

because both adults and larvae of !• mauritanicus are cannibalistic when 

in confined quartera. Also, this arrangement facilitated post-fumigation 

feeding, observation, and mortality counts, each tray containing one re­

plicate of 30 insects. 

'lhe larvae were removed from the culture of wholemeal flour by a 

sieve, and individuals from the population were selected for maturity 

and vigour. They were placed in the empty rings on the trays and kept 

overnight at 25° c. and 70% R.H. w.ithout food. The following moming 

the trays were moved into the main fumigation roan and pla.ced in the cham­

bers for fumigation. At the completion of the treatment the trays were 

held in the main roan at the same temperature and humidity, still w.ithout 

food, so as to permit aeration of the fumigant from the bodies of the 

insects. '.lbe following morning they were returned to the culture roan 

and a small amount of wholemeal flour was placed in each ring. 

For the experimenta on mortality within the bales and the free spa.ce 
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Figure 3. Plastic trays with glass rings, containing a.dults 
of ! . ma uri tanicus. 

Figure 4. Metal capsules used for exposing insects to fumi­
gation inside bales of jute ba.gs, showing method of pla.cing 
la.rvae of T. maurita.nicus. 
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surrounding them, the insects, after being sieved and sorted as above, 

were placed ten at a time in the metal capsules* illustrated in Fig. 4. 

Inside each capsule a piece of 28 mesh to the inch plastic screening was 

kept in four folds. These folds helped to keep the larvae separated so 

tha.t they would not fi.ght. The capsules ccnta.ining the larvae were placed 

as described below, in the bales or in the free spa.ce of the chamber, the 

night preceding a.n experiment. When the .fumigation was finished and the 

preliminaey aeration com.pleted the capsules were removed fran the bales 

and from the chambers, and the insects were taken i.mmediately from the 

capsules and placed individually in the glass rings on a plastic tray. 

Fran this point on the manipulation was the sa.me as for the insects ex-

posed bare. 

Adults of 1• ma.uritanicus were handled in the same way as the larvae. 

The other insect species investigated were placed in petri dishes the night 

be.fore treatm.ent and e:x:posed bare. The day after treatment all stages were 

given their normal food. 

Determination of Insect Mortality 

Most of the insects used in the fumigation tests, including !• mauri-

tanicus larvae and adults, were examined and counted for mortality one 

week after exposure. Larvae of Tenebrio molitor L. which, before dying, 

remained moribund for a lœger period than the other insects, were counted 

after two weeks. For adults or larvae the indi vidual was counted as a-

live if, at the time of exam:ination, it showed any signs of movement with 

or without stimulation. Stimulation was exposure to warmth from a 60 watt 

lamp followed, if necessary, by light prodding with a needle. Ea.ch day 

*Manutactured especially for fumigaticn tests by H. T • McGill, Houston 3, 
Texas, U.S.A. 
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Figure 5. Bale of jute baga used in fumigation experimenta, 
showing metal capsules containing insects ready for drawing 
into position within the bales. 

Figure 6. Jute square used for checking moisture content of 
jute within bale. 
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of fumigation a tray or dish of non-fumigated controls was prepared. The 

insects were put through the same manipulations as the treated ones, ex­

cept the actual fumigation. At the time of counting, corrections for 

mortality in the controls was made by the method. of Abbott <1925) using 

a table of values prepared by Healy (1952). 

Preparation of Bales 

The bales of jute, each containing 300 bags, were made up by means 

of a band operated bal er. While the bal es were being made up the insect 

test capsules, together with the string and wire 11pullers", were pl.aced in 

the desired positions as described below. The hales were then pressed 

and each bound wi.th four strands of wire. 

The metal test capsules, three to a lot, were placed. during packing 

of the bale at the exact centre of the bale (150 bags above and below) 

and at two inter.mediate positions, one 75 bags from the top and the other 

75 bage from the bottan of the bale. The two latter positions, while 

nearer to the surface in one dimension, were again at the centre in the 

two other dimensions. \fuen the hales were compressed the capsules in 

the two outer positions were 5 inches from the central lot. The bales 

were thus 20 inehes high when eanpressed, and they were appraximately 2S 

inches long and 20 inches wide. 

As already mentioned., each test capsule had a puller at each end; at 

one end the pull er was a string, at the other a wire. The string extended 

through the bale, between the bags at the appropriate levels, and came out 

at the opposite end. It was thus possible to draw the capsule inside the 

bale before fumigation (see Fig. 5) and to pull it out a.rterwards. Each 

string was carefully dyed at the exact place so that when the dyed mark was 

at the edge of the bale the capsule was at the centre of the bale on the 

appropriate horizontal plane. 
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It was thus possible to insert and remove the test insects without dis­

turbing the bales. 

Aeration of Bales 

On the completion of a fumigaticn of a given set of bags, and after 

removal of the insects from the metal capsules, the bales were kept in the 

main fumigation rean overnight. Duri.ng this time the roan was ventilated 

as already described. The following moming the bales were placed in a 

war.m, ventilated passage outside the laboratory and kept there for 3 or 

4 days. At the end of this time no trace of free methyl bromide was de­

tectable by chemical analysis at any point within the bales, and they 

were ready fer use in the experimenta again. It was thus arranged that 

there was an interval of at least one week between fumigations of' a given 

bale. 

RESPONSE OF T. mauritanicus TO REDUCED PRESSURES 

As already suggested, no proper understanding of the effect of vacuum 

fumigation on insects can be attained without a stuqy of' their responses 

to a range of law pressures in the absence of' the f'umigant. The respcnses 

of mature larvae and adults were investigated under both dry and moist 

ccnditions. The adults used had emerged !'ran pupae two weeks before each 

experiment. After being cleaned wi th a cam el hair brush thirty each of 

larva.e and of' male and female adults were weighed individually to the 

nearest 0.1 mg. and then placed in the rings on the plastic trays already 

described. The trays containing the weighed insects were placed in the 

large 900 litre chamber. With them were placed additional trays of insects 

to make up a total f'or each treatment of' 6 replicates of 30 larvae each 

and 4 replicates of 30 adults. Larvae and adults were exposed in separate 

treatments. 



~ ... ... ... 

• 3S • 

LARY~E Or 
... ... .. ... ... .. T mavr/lanlcvs 

' ... 6_ 
... ... ... ... .. ... ... iJEALJ ... 

~-------- ~ 
.. '6 ...... ~ 

' .... , .& ~ 

St/RJ//YORS ........ ~... .. 
........ '6. 

.......... , 
....................... 

~----~ NON FVMI6ATEIJ 

,&-,& FVMIGA TE'b 

... ~ 

/3~--~--~--~----~--~--~--~----~--~ 

8 10 12 /4 16' 18 20 2R 24 26 

MEAN P/i'ES.St/RE MM Ng. 

Figure s. Etfect of reduced pressures tor three hours ex.­
posure, with or without fumigant (C~Br 17.3 mg.jl. ), m 
percentage loss ot weigbt of dead ana surviving larvae of 
!• mauritanicus, at relative humidity range of 0.7 to 2.0%. 



- 39 -

Although this 900 litre chamber is extremely large, considering the 

size and number of the insects used in these tests, there was an advantage 

in this instance because the water vapeur lost by the insects had very 

little effect on the humidity of the chamber. It is possible that sane 

of the effects noted in these experimenta would not have been observed 

in a smaller container in which the humidity would have risen appreciably 

during the exposure of the insects. Bhambhani (1956) found in his experi­

menta with Sitophilus sp. that, in the small glass tubes he used, the 

amount of water lost from his insects was sutficient to build up a humi­

dity Which suppressed turther water loss. 

The insects were subjected to a range of low pressures by evacuating 

the air from the chamber until the desired vacuum was reached. In most 

of the experimenta the atmosphere was dey (R.H. approx:imately o. 7 to 2.5%). 

Three experimenta were also done with the R.H. regulated at 70 per cent 

in the mannar already described. The insects were left exposed to the 

vacuum for three hours, during which time the pressure rose by 3 mm. for 

the rea sons already gi. ven • Air was th en re-introduced slowly into the 

chamber until atmospheric pressure was restored, and the insects were then 

immediately weighed again to detennine the net water loss. The insects 

were then gi ven a small amount of wholemeal flour and held for one week, 

after which time a mortality count was made. The observations on mortality 

are shown in Fig. 7, and the changes in weight ( expressed as percentage 

loss) in Figs. B (larvae)and 9 (adults). It is shown that the larvae are 

able to survive lower pressures than the adults, and that at pressures at 

which some or ail of the larvae survived, and ail the adults died, the 

percentage loss of water from the larvae was less than fran the adults. 
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A noteworthy result with the adults was the great difference in water 

loss between the survivors and those that succumbed. It was not possible 

to experiment with the adults in a dry atmosphere over a '\"dde range of 

pressures, because at 16 mm. all died and at 22 mm. 90 per cent survived. 

Larval susceptibility in th~ absence of the fwni.gant began at 20 mm. and 

at 10 nun • .30 per cent survived. 

Included in Figs. 7, B, and 9 are resulta with larvae and adults fu­

migated with methyl bramide in the same range of reduced pressures. The 

dosage of methyl bromide of 17 • .3 mg.jl. was chosen because it was toxic 

at optimum fumigating pressures to a large portion of the population of 

both larvae and adults (see Figs. 11 and 12). The mortalities for the 

particular stages at the various pressures are close both for fumigated 

and non-fumigated lots, and the percentage weight losses are similar under 

both conditions. These facts give evidence that the mechanism which is 

preventing water loss in certain individuals, and thus permitting their 

survival, is the same as that which enables them to survive the exposure 

to the fumigant. It appeared that this mechanism might lie in some res­

pense of the spiracular-tracheal s.ystem. 

The main site of water loss wa.s dete:nnined in this way. Fort y mature 

cadelle larvae were chilled for 24 hours at .3° C. After this time they were 

quiescent and were removed from the refrigerator. Twenty of the larvae 

were carefully painted with orange shellac, using a fine camel hair brush, 

along one side of the body ao that all spiracles were covered. They were 

then returned to the refrigerator and on the following day were turned 

over and shellacked in the same way on the opposite side. Great care was 

taken to ensure that the mouth and anus were kept clear of shellac. The 

larvae were then returned to the refrigerator for another 24 hours. Dur­

ing the se manipulations the remaining 20 larvae of the collection were 
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TABLE 1. LOSS OF WEIGHT OF LARVAE OF T. mauritanicus EXPOSED TO REDUCED 
AND NORMAL PRESSURES AT 10oc. FOR 16 HOURS 

Weight in :Mi.lligrams 
Collection 

Bef ore After Net Loss 

44.4 43.0 1.4 
50.6 49.9 0.7 
41.9 41.6 0.3 

Ten shellacked larvae exposed 42.5 41.0 1.5 
for 16 hours to reduced 33.0 31.4 1.6 
pressure (9.7 - 22 mm.) 47.8 47·5 0.3 

33.0 32.4 0.6 
35·3 34·3 1.0 
33·3 32.8 0.5 
42.5 40.5 2.0 

Means 40.43 39.44 ·99 

28.1 22.6 5.5 
29.8 22.6 7.2 
26.4 21.2 5.2 

Ten normal 'Wlpainted l.arvae 31.6 2?.6 4.0 
exposed 16 hours to reduced 45.5 33.5 12.0 
pressure (9.7 - 22 mm.) 43.2 34.8 8.4 

36.6 27.3 9·3 
34.8 26.7 8.1 
36.1 28.2 7·9 
33·9 26.4 7.5 

Means 34.60 27 .Cf} 7.51 

Means of ten shellacked l.arvae 
kept in roam without exposure 
to reduced pressure 40.95 40.72 .23 

Means of ten normal unpainted 
l.arvae kept in rean without 
exposure to 1ow pressure 34.15 33.85 .30 

Comparison by F test of net 1oss of weight, following exposure 
to reduced pressures, of shellacked and normal unpainted larvae. 

Source of Degrees of sinn of Mean F F.05 F.01 
variation freedom squares square 

Between 
treatments 1 212.55 212.55 79.31** 4.41 8.28 

Err or 18 48.27 2.68 

Total 19 260.82 

i*Highly significant difference between treatments. 
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removed and put back in the refrigerator at the corresponding times, but 

they were not shellacked. The following afternoon ali the larvae were 

weighed to 0.1 mg. and placed in the main .t'umigation roan which was held 

at 10° c. Ten each of shellacked and the non-shellacked larvae were 

placed in the large 900 litre chamber and the pressure wa.s reduced to 

9.7 nnn. The following moming, after a lapse of 16 hours, during which 

time the pressure in the chamber had increased to 22 nun., atmospheric 

pressure wa.s restored. All the larvae were weighed immediately, includ­

ing the shellacked and non-shellacked ones which had been held all night 

at 10° C. but not subjected to the vacuum. In this experiment the abel­

lac added ccnsiderably to the weight of the larvae. Therefore, the net 

loss in weight in ndlligrams was the result analysed. The results of 

this experiment are given in Table I. The difference between the larvae 

with their spiracles closed by the shellac and those left unpainted is 

statistically highly si.gnificant. This evidence therefore supports the 

view that when these insects are exposed to law pressures, loss of mois­

ture occurs ma.inly through the spiracles. 

Behaviour of Insects at Reduced Pressures 

The visible reactions of the la.rvae and adults of .!• mauritanicus, 

mature la.rvae of Tenebrio molitor 1., and adults of Tribolium contusum 

Duv. were observed through the two portholes in one of the 525 litre 

chambers (Fig. 2). The insects were placed in lots of ten or more in 

petri dishes, which were supported close to the glass. The insecte were 

exposed for three hours, both with and without fumigant, to a range of 

pressures below 100 mm. under dry conditions and also w.i.th the humidity 

established at ?Cf/, R.H. The observations are summarised in Table 2. The 

activity of all species and stages appears to be altered mainly by varia-
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TABLE 2. VISIBLE RESPONSE TO REDUCED PRESSURES OF VARIOUS s_>ECIES OF INSECTS EXPOSED FOR THREE HOURS 

Description of Environment 

Dry (1-6% R.H.) No fumi.gant 

A. 25 nun. 

B. 50 nnn. 

c. 100 mm. 

Dry (1-6% R.H.) with CH3Br 

D. 50 mm. 

E. lOO mm. 

Moist (70% R.H.) No fumigant 

F. 25 mm. 

G. 50 mm. 

Moist (70% R.H.) with CH3Br 

H. 50 mm. 

Temperature 25° C. methyl bromide (CH3Br), When introduced, at dosage 17.5 mg.jl. 

INSECT SPFJJIES AND STAGE 

Tenebroides mauritanieus (L.) Tribolium confusum Duv. Tenebrio molitor L. 

Mature Iarva 

Strongly irritated during 
pressure reduction; motion­
lesa during exposure; fully 
active after pressure restored. 

Adult 

Motionless d~g 
exposure; very little 
activity after res­
toration. 

Irritated during reducticn; Sa.me as larva. 
sluggish during exposure; 
fully active after restoration. 

Irritated during reduction; Same as larva. 
normal activity during ex-
posure and afterwards • 

Sluggish, same generally 
as B. 

Same generally as C at start; 
signs of poisoning towa.rds end. 

Same as A. 

Same as B. 

Sluggish, but signs through­
out of more irritation than 
in B & E; symptans of poison­
ing towards end. 

Same as larva. 

Same as larva. at 
beginning; ali on 
backs and poisoneci 
at end. 

Same as larva.. 

Same as l.arva. 

Same as larva at 
beginning; ruotion­
less at end 
(poisoned). 

Adult 

Motionless; 
no recovery. 

Motionless; some re­
covery of acti vi ty 
after restoration. 

Active, but less than 
normal. 

Same as A. 

Sluggish, but motion­
lesa at end. 

Same as A. 

Motionless; same 
activity at end. 

Same as A. 

Mature larva 

Motionless; fully 
active after res­
toration 

Same as A. 

Normal activity. 

Motionless, fully 
active after res­
toration. 

Motionless, symptams 
of poisoning at end. 

Sa.me as A. 

Sa.me as A. 

Motionless, little 
activity after res­
toration, appa.rently 
all poisoned. 
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tions in the pressure at which they are eocposed. The other factors of 

moisture and methyl bromide, separately or in canbination, appear to 

alter the reaction to pressure to only a limited extent. 

At 100 mm. both stages of T. mauritanicus and the larvae of T. molitor - -
appeared to be as !ully active and nonnal in their movernents as at atmos­

pheric pressure. The activity of adults of 1· confusum appeared to be 

reduced. Below lOO mm. activity was reduced in al1 species and they be­

came canpletely motionless at 25 mm. At 25 mm., both in dry and moist 

conditions, !• con.fusum failed to recover. The complete mortality of 

this species at pressures below 35 mm. wa.s confinned in subsequent experi­

menta (see Fig. 14). 

INTRINSIC TOXICITY OF METHYL BRCMIDE TO !• mauritanicus AND 

OTHER INSECTS AT REDUCED PRESSURES 

Prel.iminary Elcperiment s 

Before starting the· study of the intrinsic taxicity of the fumigant to 

the insects exposed bare in the chambers, preliminary experimenta were 

undertaken to test the validity of the methods. 

Spatial distribution of mortalities.-It wa.s necessary to detennine if 

mortalities of replicates were evenly distributed when the insects were 

placed at different positions throughout a chamber, and if so, to see if 

differences between treatments could be demonstrated as statistically 

significant. 

The first experimenta, the resulta of which are given in Table 3, were 

done under conditions of complete moisture saturaticn because it was neces­

sary to detennine if the introduction of the wa.ter contributed to variation. 

Two doses at mean pressures of 100 mm.. and one at 25 mm. were chosen. 'lbe 
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TABLE 3. PRELIMINARY TEST FOR DISTRIBUTION OF MORTALITIF.S IN EMPTY 
CHAMBERS 

Mature larva.e !• mauritanicus, 30 per replicate. Sustained 
vacuum at 25°C. Ex:posure 3 hours. R.H. apprax. 100% 

Position 

of 
Repli ca tes 

Percentage Mortality 

Front of Chamber 
24 in. fran fioor (Top) 
18 in. from floor 
12 in. from fioor 

6 in. fran floor 

Back of Chamber 
24 in. fran floor (Top) 
18 in. fran fioor 
12 in. from floor 

6 in. from floor 

On Floor 
A - Front 
B 
c 
D 
E 
F - Back 

CH3Br ll.5 
mg./1. 

@ lOO nun. 

60 
47 
52 
47 

44 
57 
47 
47 

63 
37 
43 
50 
43 
70 

ANALYSIS OF VARIANCE 

CH3Br 15.4 
mg./1. 

c lOO nun. 

97 
100 
90 

lOO 

100 
100 

97 
100 

100 
97 

100 
100 
100 
97 

(after angular transformation of percentages) 

Source of Degrees of Sum of Mean F variation freedom squares square 

Between 
treatments 2 U604.6894 5802.3447 156.417t:t 

Between 
positions 13 284.3809 21.8755 < 1 

Err or 26 964.4829 37.0954 

Total 41 12853·5532 

CH3Br 17.3 
mg./1. 

@ 25 nun. 

70 
90 
87 
72 

87 
69 
73 
62 

79 
81 
77 
80 
77 
83 

F.05 F.Ol 

3.80 6.70 

3.80 6.70 

**Highly significant difference between treatments. 
No significant variations in positions within treatments. 
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plastic trays, each holding 30 larvae in the individual glass cells, were 

pl.aced by means of retort stands at the front and rear of the 900 litre 

chamber at four heights above the noor of 6, 12, 18 and 24 inches. As 

the internal diameter of this chamber is 29 inches, the upper tray was 

therefore 5 inches from the top. Also, six trays were placed in line on 

the floor of the chamber, from front to back. The statistical analysis 

accanpanying Table 3 shows that the differences between treatments were 

highly significant, but between the different positions the very low 

F number indicates that these did not contribute significantly to vari­

ations in the resulta. In the next experiment (Table 4) the chamber was 

dry, (R.H. 7-12%), no water being added. Trays were at three heights 

of 12, 18 and 24 inches on the retort stands at the frœt and rear of 

the chamber. On the floor, three trays were placed together at the front 

and three at the back. The analysis of variance shows that there were 

no significant differences between positiœs or replicates, and that po­

sition in the chamber did not contr.ibute to variation in the results. 

In the experimenta with moisture saturation (Table 3) the results 

within one treatment were sufticiently hanogeneous to permit comparison 

between treatments. Also when the chamber was dry (Table 4) there were 

no significant differences between positions or replicates. Thus, the 

degree of humidity in the chambers, represented by the two extrem.es of 

very dry and moisture saturated, did not contribute to variations in the 

results by affecting conditions within individual treatments. 

In most of the experimenta with the bare insects plastic trays or 

petri dishes containing the test lots were placed on the noor of the 

chamber, this being the most convenient method of handling them. The 

previous experiment showed that vertical arrangement did not affect ho­

mogeneity, and it was now necessary to examine the distribution of results 



TABLE 4. PRELIMINARY TEST FOR DISTRIBUTION OF MORTALITIES IN EMPTY CHAMBER 

Mature larvae T. mauritanicus, .30 per replicate. Sustained vacuwn 
at 100 mm. pressure and 25° c. R.H. 7-12% CH3Br 17 • .3 mg./1. 

Position 

Front stand 

Rear stand 

Chamber f1oor, front 

Chamber fioor, rear 

Source of 
Variation 

Between positions 
Between replicates 
Replicates x positions 

(interaction) 
Total 

for .3 hours. 

Height 12 in. 

5.3 

70 

57 

80 

Percentage Mortality 

Repli ca tes 

Height 18 in. 

57 

50 

~ noor 

71 

70 

ANALYSIS OF VARIANCE 
(After angular transfor.mation of percentages) 

Degrees of Sum of Mean F 
Freedan Squares Square 

.3 8.9192 2.97.31 < 1 
2 161.4610 80.7.305 .3·.35 
6 144.4104 21.,..0684 4.01 

1.3 .314.7906 

No signiticant difference between positions or replicates. 

Height 24 in. 

F.05 

19.16 
19.16 

5·14 

6.3 

60 

67 

70 

F.01 

99.17 
99.17 
10.92 

~ 



TABLE 5. PRELIMINARY TEST FOR DISTRIBUTION OF MORTALITIES ON FLOOR OF D.fPTY CHAMBER 

Mature larvae !• mauritanicus, 30 per replicate. Sustained vacuum at 100 DDD.. 

pressure and 25° c. R.H. 100% approx. CH3Br 9.6 mg./1. for 3 hours. 

Percentage Mortality 
Position 

Repli ca tes 

Front 14 33 

Centre 13 33 

Rear 27 30 

ANALYSIS OF VARIANCE 

(Arter angular transformation of percentages) 

Source of Degrees of Sum of Mean F F.01 
Variation Freedan Squares Square 

Between positions 2 13.2665 6.6332 0.4CY}6 99.00 
Between replicates 2 141.4346 70.7173 4.3669 99.00 
Replicates x positions 4 64.7751 16.1938 4.0484 18.00 

(interaction) 
Total 8 219.4762 

No signifïcant difference between positions or replicates. 

20 

27 

22 

1 

$ 

F.05 

19.00 
19.00 
6.94 



- 50 -

when ali the ma.terial was on the floor. In Table 5 it is shown that with 

a total of 9 trays distributed in three stations on the floor of the 900 

litre cham.ber, there was no statistically significant variation due to 

stations or replicates. 

Placing insects in metal capsules.-In the experimenta on the mortali­

ties of the insecte within the bales, to be described later, the la.rvae 

were placed in the metal capsules already described. Two experimenta, 

one mder vacuum at 100 nun. and one at atmospheric pressure, were made 

to compare the mortalities obta.ined in the capsules and on the trays over 

a range of dosa~es of methyl bromide. These tests also afforded informa­

tion both on the va.lidity of the experimental methods and on the relative 

etfectiveness of vacuum and atmospheric fumigations in bare chambers. At 

each dosage mature larvae were placed in the cella on the plastic trays, 

in four repli ca tes of 30 each. These were distributed evenl.y on the floor 

of a 525 litre chamber. Larvae were also put 10 at a time in the metal 

capsules. Twelve capsules were hung from the roof of the same chamber in 

four evenl.y distributed stations, each station comprising three capsules 

and thus 30 larvae. The vacuum fumigation was done at a mean pressure of 

100 mDh The resulta are shawn graphically in Fig. ~0 and were evaluated 

statistically by the method of Wilcoxon and Litchfield (1949). 

When placed in capsules the larvae responded to a range of doses ot 

the fwnigant at both pressures so as to yield uniform results. In the 

experimenta under vacuum the larvae were more susceptible when placed in 

the capsules, but at atmospheric pressure there was no significant dit­

terence between the responses in trays or in capsules. 'Ihere was no sig­

nificant deviation from parallelism among all four lines i n Fig. 10. 
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Figure 10. Mortalit:r ot mature l.arvae ot I• maurita.nicus at 
sustained.-vacuum and atmospheri.c tumigations with methy~ 
branide for three hours. Insects placed in glass cells 
on plastic trays or in metal teeting capsules. Each point 
representa the mortality of 120 insects. 

Treatment 

A. Sustained-vacuum at 
100 mm. - capsules 

B. Sustained.-vacuum at 
100 mm. - trays 

c. Atmospheric tœdga­
tion - trays 

D. Atmospheric fumiga. 
tion - capsules 

LD50 (with 95 per 
cent confidence 
interval.s). 

15.9 
(15.1-16. 9) 

17.0 
(17.0-17.0) 

25.0 
(24.0-26.0) 

27.0 
(25.2-28.9) 

*significant P : 0.05 

Ef!iciency Ratio 
(w:i.th 95 per cent 
confidence intervals). 

Versus B 1.07* 
(1.07-1.07) 

Versus C 1.47* 
(1.45-1.48) 

Versus D 1.08 
( 0.98-1.19) 
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Effect of DifferEilt Pressures on Toxi.city of Fumigant to T. mauritanicus 

Because the mature larvae were used in ali the ex~riments with the 

bales of jute, they were made the principal subjects of this part of the 

study. 

The larvae were fumigated in the plastic trays in six replicates of 

30 each placed on the floor of the chambers. Four to six fumigations in 

separa te chambers were made each day. In the range of experimenta under 

dry conditions it was necessary to spread the experimenta over three dif­

ferent days, pressures representative of the full range being chosen for 

each day. With the larvae, the effect of the different pressures was 

tested under dry (1 - 20% R.H.) moist (70% R.H.) and moisture saturated 

(approximately 100% R.H.) conditions. Because increase in the humidity 

of the atmosphere of the experimenta made the insects more susceptible to 

the fumigant at any gi ven pressure the dosages used were as follows: 17.3 

mg.jl. at 1- 20% R.H.; 15.4 mg./1. at 70% R.H.; and 13.5 mg.jl. at 100% 

R.H. These dosages, which would yield the best information for each mois­

ture series over the range of pressures, were selected following preliminary 

experimenta. The results with the larvae are shown graphically in Fig. 11. 

The lower limit of pressures at which experiments could be done at 7rt% and 

100% R.H. was, of course, im.posed by the pressure of the water vapour pre­

sent. (At 25° c. the vapour pressure of water is 23.76 mm.) - In order 

to indicate the .fiducial limits of each point on the curve the sample stan­

dard deviation for the six replicates is indicated by the vertical lines. 

There are two significant considerations arising from the interpreta­

tion of the curves shown for the larvae. First, the interaction of pres­

sure and mortality is not direct. In the experiments at low humidity the 
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curve for pressures below 40 nm. follows very closely that for mortality 

due to dessication as disclosed previously in Fig. 7. At low humidity 

and at 7CJ/, R.H. there is a range of pressures at wiùch mortality aP­

proaches zero. As the pressure is increased from this range there is 

a curvilinear increase in mortality to a peak which moves to the right 

as humidity is decreased. This peak of maximum mortality then falls 

away as the pressures are increased again. 

Secondly, the curves for mortality at each of the humidity ranges in­

dicate that the respanse to different pressures is similar throughout. 

At each humidity the mortality curves are similar after they leave the 

region of lowest matality, between 20 and 60 mm. pressure, and approach 

the peak of highest mortality. From this it may be deduced that they de­

monstrate an affect which is basically independent of humidity. These 

pressures for opt;imum mortality were: in a dry chamber (1 - 20% R.H. ), 

120 nm.; at 7CJ/, R.H., 95 mm.; at moisture saturation (loCYJ, R.H. ), 70 mm. 

The resulta of the experimenta on the larvae, as shown in Fig. 11, were 

conclusive in demonstrating a variation in mortality response of the 

insects exposed at different pressures but at only one dosage. In view 

of the importance of these findings, both in theory and practice, it 

was considered advisable to confirm them by means of a three point assay 

with graded concentratims. Accordingly, assays were made at 35 and 

100 nun. pressure under dry conditions and at 70% R.H. Also included 

in this series were tests of three manipulations of the pressure system 

which were la ter found to be of importance in the fumigation of the bal es. 

Four replicates of 30 larvae each were exposed for each point in the assay. 

The results of these tests are shawn in Table 6, in which pertinent 

canparisons are made between different techniques by means of an "efficiency 



TABLE 6. COMPARISON OF VACUUM FUMIGATION TECHNIQUES AGAINST BARE LARVAE OF !• ~itanicus 
Dosage of methy1 bromide in milligrams per litre for three hours at 25° C. 

Line Description of Technique LD50 (with 95 per cent Efficiency Ratio (with 95 per 
confidence interva1s) cent confidence intervals) 

A Sustained-vacuum, mean 14.5 VERSUS B 1.18* 
pressure 100 mm. R.H. 70% (14.2-1.4.8) (1.11-1.24) 

VERSUS E 1.38* 
(1..31-1.45) 

-
B Sustained-vacuum mean 17.1 VERSUS F 1.69* 

pressure 100 mm. (16.8-17.4) (1.60-1.78) 
Dry (R.H. 5-S%) 

c Gradua1 restoration to 17 VERSUS B 1.01 
atmospheric fressure from (16.6-17.4) (0.96-1.06) 
25 nun. Dry R.H. at begin- VI 

VI 

ning 1~ at end 4~) VERSUS D 1.04 • (0.99-1.09) 

D Atmospheric pressure re- 17.7 
stored after 45 mins. at (17.4-18.0) 
100 mm. pressure. Dry 
(R.H. at begi.nning 1%, 
at end 40%) 

E Sustained.-vacuum mean 20.0 VERSUS F 1.45* 
pressure 35 mm. R.H. 70% (19.4-20.6) (1.4-1.5) 

F Sustained-vacuum mean 29.0 
pressure 35 mm. Dry (28.4-29.6) 
{R.H. 2-5%) 

-
*significant difference between treatments at P = 0.05 

'lhere was no significant difference between treatments B, C, and D 
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ratio", which is the ratio between the LD 50s. These values and their 

confidence intervals were derived by the method of Litchfield and \'/il-

coxon (1949), the ef.ficiency ratio as used here being the same as the 

"potency ratio" of these authors. It is seen that, under dry conditions, 

at 35 rmn. the dose of methyl branide for LD 50 is 1.7 times that required 

at lOO nun. pressure. At ?Cff, R.H. the ratio at the same two pressures is 

At this stage, also, it was considered advisable to make a determina-

tion by chemical means of the fumigant concentrations acting on the insects 

at these two operating pressures of 35 and 100 nun. Using the method of 

chemical analysis described later, my assistant T. Dumas determi.ned the 

concentrations of methyl branide in the free air space of the chamber in 

the region of the trays of insects. Samples were taken at intervals of 

5, 15, 30, 60, 90, 120, and lBO minutes after the introduction of the 

fumigant. As a further check on the effect of the gas concentrations, 

mature larvae of !• mauritanicus in trays were exposed in 6 replicates 

of 30 each, in the usual manner. The results of these tests are sum-

marized in Table 7. 

TABLE 7. IviEI'HYL BROMIDE CONCENTRATIONS ACTING ON BARE LARVAE OF 

Î• mauritanicus AT 'IWO PRESSURES 

Dosage CH3Br applied 17.5 mg./1. for 3 hours at 25° C. Insects 
exposed in 6 replicates of 30 each. 

Mean Pressure Concentration CH3Br mg.jl. La.rval Mortality Per 
in Millimetres Mean Standard Mean Standard 

Cent 

Deviation Deviation 

35 16.2 0.5 5.0 4.2 

100 16.3 0.4 56.0 11.3 
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At these two pressures equilibrium in concentration was achieved 

very rapidly, apparently within the first !ive minutes. This is shown 

by the small deviations in fumigant concentration determined at both 

pressures. The differences in insect mortality are in good agreement 

with the findings recorded in Fig. il and Table 6. 

Adults of T. mauritanicus, in lots of 4 replicates of 30 insects each, 

were treated with methyl brcmide over a range of pressures, at low humi­

dity cnly. The results are shom graphically in Fig. 12. The mortality 

curve is sim:ilar to that for the larvae at the same range of low humidi­

ties. 

Effect of Different Pressures on Toxicity to Other Insect Species 

The implications of the results with !• mauritanicus were of such im­

portance, both in theory and practice, that it was considered advisable 

to make a limited investigation to see if similar results may be expected 

with ether species of insects. If the response of T. mauritanicus is 

unique, the study with this insect would not be complete if this singu­

larity were not demonstrated. If, however, ether insects or stages of 

insects respond in the same or similar ways, a1l these findings become 

of wider importance. Accordingly a series of experimenta, at low humi­

dity only, were made with mature larvae of Tenebrio molitor L. and adults 

of Tribolium con.f'usum Duv. The first insect was chosen because it is 

highly resistant to dessication; the second because it was the species 

used in sane of the original investigations on vacuum fumigation, as 

mentioned in the introductory review. 

T. molitor was exposed to methyl bromide ov er a range of low pres­

sures. In this work two cultures of this insect (A and C), obtained 

from different sources, were used. The larvae of C were exposed in 6 
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replicates of 30 each to methyl bromide at the dosage of 11.5 mg./1. 

Also, larvae of A and C were exposed in single lots of 30 each to dosages 

of 9.6 mg./1. and 13.5 mg./1. respectively. The resulta are shawn in 

Fig. 13. It is seen that despite the differing susceptibilities of the 

insects from the two cultures the trend of all three curves is the same. 

At very low pressures fran 15 to 30 mm. mortality is near zero. From 

30 to lOO mut. the mortality increases to a peak between 90 and 100 mm. 

At pressures above 100 mm. the mortality starts to fall away. As was 

shown for this insect in Table 2, the visible acti vi ty is normal at 100 

mm., but the insects are motionless at 25 and 50 mm. pressure. The 

adults of T. confusum were exposed in six replicates of 30 insects each -
to treatments with the same dosage of methyl bromide over a wide range 

of pressures, and also to reduced pressures in the absence of the fumi-

gant under dry conditicns. Fig. 14 shows the results of this study. 

It is seen that the curve for mortality in the absence of the fumigant 

falls away very rapidly fran 95 per cent at 50 mm. to zero at 70 mm. In 

the presence of the funiga.nt there is also a low point in the mortality 

curve in the region of 70 - SO mm., after which the mortality rises aga.in. 

Here again it is noteworthy that mortality is still rising at 100 mm., 
at which pressure it was shown (Table 2) that there was visible activity, 

but that this activity appeared to be less than normal. The significance 

of these findings will be dealt with fully in the Discussion. 

MOISTURE CONDITIONS IN BALES OF JUTE 

The experimenta with the bare larvae of !• mauritanicus revealed the 

important influence of humidity on the taxicity of methyl bramide to these 

insects. The moisture conditicns in the jute surrounding the insects 
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could therefore be expected to influence the resulta of the fumigations. 

According to Parsons (1953) jute, in camnon with ether textile fibres, 

absorba moisture vapeur from the atmosphere until a dynamic equilibrium 

is reached. It may also be assumed from the statement by this authority 

that if the jute is moved from one atmosphere at a higher humidity to 

another at a lower humidity, the fibre will lese moisture and cane into 

equilibrium with the new environment. Clearly, the moisture content of 

the jute would vary according to the conditions under which it was stored 

before fumigatiw. Furthermore, a most important point, tmder certain 

conditions variations in moisture content could be expected at different 

positions or depths in a given bale. 

Before beginning the stuqy of the respanse of the insects inside the 

commodity, therefore, a study was made of 'moisture conditions under two 

conditions of storage. 

Use of Small Jute 3quares as Indicators 

For this study a number of pieces of jute 3 x 4 inches were eut out 

from clean bags representative of the whole collecticn used in this work. 

At one end a strip of bleached cotton -was sewn (Fig. 6) and a piace of 

string rtm through two heles punched in the cotton. A collection of 42 

of these were hung in a laborator.y room at 22° C. and 45% R.H. for one 

week. At the end of this time the moisture content of 6 of the pieces 

selected at randan from the collection was determ.ined by oven drying at 

105° c. for 16 hours, and was found to be 8.2% on a dry weight basis. 

The remaining 36 pieces were placed at different depths in a bale of 300 

bags while it was being reassembled a.rter storage for 2 months at 25° C. 

and 70% R.H. Moisture content detenninations were made fran pieces of 

bag removed from the depths corresponding to those at which the pieces 
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were to be placed, and the mean was 13.4% dry weight ba sis. This figure 

agrees closely with that of 13.2% which is shown for this humidity on a 

chart published by Powrie and Spea.kman (1943) based on observations 

with Chandpur jute cloth. 

After reassembly the bale was pressed, bom1d with wire, and replaced. 

in the same storage und er the same environmental conditions. After one 

and two weeks a piece of jute was pulled from each position and the mean 

moisture content for the bale determined as 13.1 and 13.4 per cent res­
thus 

pecti vely; /the dry jute pieces came into equilibrium wi th the surrounding 

jute bags in the bale within two weeks. 

Moisture Changes in Bales 

Two experimenta were designed to dananstrate the rate at which mois-

ture changes took place a.t different depths in ba.les of jute bags. '!he 

results of these two experimenta are given in Table s. 
Moist to d;y.-300 bags were suspended for 24 hours in a moist room at 

25° C. and 70% R.H. Moisture determinations of samples of jute from these 

ba.gs showed that the mean moisture content was 12.6% dry weight ba.sis. A 

bale wa.s made up from these bags and a collection of the sma.ll jute squares 

already described was placed in them according to the arrangement out1ined 

in Table s. This bale was then kept tor nearly 4 months in a laboratory 

room at 22° c., with a relative humidity ranging from 50 to 55 per cent. 

The pieces of jute were removed, by means of the a.ttached strings, 

at intervals as shawn in the Table. It will be noted that the jute near 

the surface of the bale, 0.25 inches from the top, lost moisture quite 

rapidly. Deeper in the bale the moisture was lost slowly, but apparently 

equilibrium was being a.pproa.ched after S4 days. 

Dry to moist.-A simila.r experiment was done b.Y placing the pieces of 



TABLE 8. MOISTURE CHANGES IN JUTE BALES AFTER IDMOVAL TO N»l HUMIDITY ENVIRONIDNT 

As shown by removal of small jute squares from va.rious positions at different times. 

Sma11 jute squares Percent moi sture content (Dry Weight Ba sis) 

General Distance from Days after Removal to New :Bhvironment 
Position Surface of Bale 12 17 24 31 42 56 84 112 

A. MOIST TO DRY (R.H. 70% to 50%) 

Horizontal layer 2-5 in. 12.3 12.3 11.2 11.1 - - 9.9 
nea.r middle of 5-8 in. 12.7 12.9 11.3 10.7 
ba1e 8-11 in. 12.6 12.9 - - 10.3 

12-18 in. 13.2 12.0 11.3 10.1 
(centre) 

Vertical array 0.25 in. 10.0 9.8 - 9.0 - - 8.5 
from top to 1.25 in. 10.4 10.4 - - 9.8 9.1 
middle of bale 2.5 in. ll.4 10.5 - 10.4 - 9·3 0"-

~ 

at centre of bage 5.0 in. ll.5 11.7 - 10.4 9.2 
7.5 in. 11.9 - u.6 - 9.8 9.4 

10 in. 12.9 11.5 10.9 - 9·7 

B. DRY TO 110IST (R.H. 50% to 70%) 

Horizontal layer 2-5 in. 10.8 10.5 11.6 - 11.5 - - 13.1 
near middle of 5-8 in. 10.6 - 11.3 11.1 11.3 
bale 8-ll in. 10.2 - 11.3 - - - 12.2 

12-18 in. 11.1 ll.4 11.1 - 12.1 
(centre) 

Vertical array 0.25 in. 12.6 12.4 - 12.3 - - 13.3 
from top to 1.25 in. 11.6 - 12.6 - - 12.0 - 14.2 
middle of bale at 2.5 in. 11.3 11.9 - 11.7 - 12.8 
centre of bags s.o in. 11.7 11.7 - 11.7 - 13.1 

7.5 in. 11.5 11.3 - 12.6 12.1 
10 in. 11.4 11.1 11.3 - 12.4 
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jute, which had been kept spread out at 22° C. and 55% R.H. for a week, 

in a bale made up of bags which had been kept for several months at the 

sam.e temperature and hwnidity. The moisture content of the jute in this 

bale was determined to be 10.1%, agreeing closely wi.th the figure of 10% 

gi ven by Powri.e and Speakman (1943) for Chandpur jute cloth in equilibrium 

at 55% R.H. This bale wa.s then stored in a roan with the clima.te closely 

controlled at 25° C. and 70% R.H. The pieces of jute were withdrawn as 

before. Again adjustment of the moisture content within the bale was 

rapid near the surface, and slow f'urther in. 

Moisture conditions likely to be encountered in bales stored in ware­

houses or similar places may be judged from the se experimenta. An impor­

tant consideration is the moisture content of bales stored in a dry ware­

house during the winter months after being assembled during the summer and 

autumn when air humidities are high. Under these conditions the jute at 

the outside of the bales would dry rapidly, while the material at the 

centre might retain a higher moisture content for a long time. 

VACUUM FUMIGATION OF BALES OF JUTE BAGS CONTAINING LARVAE OF T. mauritanicus 

The next stage of the investigation was the study of the response of 

the mature larvae to vacuum fumigation with methyl branide when placed in 

or on the bales of jute. 

In all these experimEilts the metal capsules, each containing 10 insects, 

were placed three together in the positions described in Table 9, and il­

lustrated diagramatically in Figs. 21 and 22. 

All the test capsules placed on or in the ba.les, regardless of their 

vertical arrangement, were at the appraximate centre of the bale in the 

horizontal plane. 
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TABLE 9. DESIGNATION AND DESCRIPTION OF POSITIONS OF TEST CAPSULES 
CONTAINING ,!. ma.uritanicus LARVAE IN BALES OF JUTE 

DURING FUMIGATION 

Thirty larvae at each position 

Positions B - G inclusive lay at the centre of the 
bale in the horizontal plane. 

Designation Description of Positions 

A 

B 

c 

D 

E 

F 

G 

H 

In upper free space of chamber 6 inches 
away from bale. 

Lying an top of bale (at centre in horizon­
tal plane) with no jute fabric above it. 

Inside top bag, with one thickn.ess of jute 
fabric above it. 

Five inches fran top surface of bale, thus 
5 inches from middle, 75 bags above it and 
225 below. 

At middle of bale, 150 bags above and below, 
10 inches fran top and bottan surfaces. 

Fi ve inch es from lower surface, 5 inch es from 
middle, 225 bags above and 75 below. 

Lying on noor of chamber, underneath centre 
of lo\'1est bag in bale. 

In lower free spa.ce of chamber, 6 inches away 
from bale. 
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In the long series o:f experimenta wi.th the insects in the jute, at 

least .:four and sanetimes six bales were exposed on a single day to a 

graduated series o:f pressures or dosages or, .:for comparison o:f techniques, 

to a number o.:f different technical manipulations using the same dosage. 

Thus, full advantage wa.s taken of the range of chambers available to en­

sure that the insect mater.ial, all assembled and randamised an a single 

day, was hanogeneous as :far as age was concemed. 

For the a.nalysis o:f the results o:f most of the individual experimenta 

an the :fumigatiœ of the bales, the data .:for percentage mortality have 

been grouped under two headings: (1) the mean for the whole system (free 

air space, periphery of the bale, and the three central positions), based 

on 240 insects; (2) the figure for the three central positions based an 

90 insects. The large amount of data accumulated has called for conden­

sation, and it is thought that this is the best way to do it. In any 

kind of fumigation the desirable end is to obtain canplete mortality of 

the o:ffending organi3m throughout the entire fumigation system, includ­

ing the surface of the cormnodity and anywhere in the .:free space. Also, 

one subject of prime interest and importance is the ability of the .tumi­

gant to penetrate within the material.. The three central. positions in 

theae experimental bales represent loci well within the material and the 

mortality, at these points, has provided information on the penetration 

factor. 

Preliminary Experimenta 

Before the main investigation began some preliminary tests were made 

to obtain basic information on the experimental conditions as they a.:ffected 

the responses of the insects. 

Effect of vacuum alone.-In:formation was needed on the response o:f the 
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TABLE 10. EFF.reT OF REDUCED PRESSURE ALONE, WITHOUT FUMIGANT, ON LARVAE 
OF ,! • ma uri ta.nicus IN OR ON SIX BALES OF JUTE AND IN FREE AIR 

SPACE OF CHAMBER 

Temperature 25°C.; exposure 3 hours; 30 larvae per position. 

PERCENT AGE MORTALITY 

Position Mean Pressure 15 mm. Mean Pres-
sure 30 mm. 

I II III IV v Mean VI 

A. Upper free space 64 46 55 17 

B. On top of ba1e 54 68 48 48 47 53 4 

c. Inside top bag 63 60 64 52 57 59 5 

D. Fi ve inch es fran 
top surface 33 23 32 7 26 24 0 

E. Centre of ba1e 18 33 15 27 7 20 7 

F. Fi ve inch es fran 
1ower surface 23 23 10 35 31 24 4 

G. Undemeath bale 63 67 70 76 78 71 30 

H. Lower free space 59 37 46 42 

Mean of positions 
B,C,G 60 65 60 55 61 60 

Rank (7.5) (10) (7.5) (6) (9) 

Mean of positions 
D,E,F 25 26 19 23 21 23 

Rank (4) (5) (1) (3) (2) 

The difference in percentage mortalities between the 
three positions towards the centre (D,E,F) and those 
on or near the surface (B,C,G) is highly significant, 

t = -3.6**. 
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insects inside the hales when subjected to vacuum alone. This need was 

stressed by the experiments on the bare insects, already described, in 

which mortalities were recorded at ver,y low pressures in the absence of 

the .f'umigant. 

In a series of .f'ive experimenta insects in .f'ive different hales, which 

had been stored for 4 months at 22° C. and 50% R.H., were subjected to a 

mean pressure of 15 mm. for 3 hours. '!he ba.les were comparatively dr,y, 

with a mean moisture content of 9% dry weight basis. '!he results of' 

the se experim.ent s are shawn in Table 10. For comparison, the resulta 

of' a single test done at 30 mm. pressure, also without .f'umigant, are in­

cluded. The results of' the ex:periments at 15 mm. were analysed by a 

rank method described by Oakland (1952). There is a highly signi.f'icant 

difference between the positions well within the bale and those at or 

near the surface. '.nlese differences may be ascribed to the fact that, 

as already shawn, the moisture content of the bales stored under these 

conditions would be higher towards the centre, and the insects at the 

three inner positions, which suffered the least mortality, would th us be 

in an environment of higher humidity than those near the surface or in 

the free air spa.ce. At 30 mm. pressure the differences are not so great. 

These resulta may be compared with those previously obtained with bare 

insects at different pressure in dry and moist air (70% R.H.) as shown 

in Fig. 7· 

Validity of results.- In the introduction it was pointed out that the 

technique of placing capsules containing test insects in commodities under­

going fumigation was open to objection, if ~ on theoretical grounds. 

In this study the capsules were drawn into the bales of jute by pieces 

of string. Here, then, it was necessary to show that the fumigant would 
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reach the insects b,y the process of diffusion through the material, and 

that it would not travel along a:ny channels artificially created hy the 

movement of the capsules in and out of the hales. If, in a certain ex­

periment, it could be shown that mortalities of the insects were higher 

at the periphery of a bale and hecame progressi vely lower as the centre 

was approa.ched there would be direct evidence that the fumigant, in order 

to reach the insects, had to overcome the obstacle presented by the body 

of the ma.terial. 

As will be shawn la ter, in the vacuum fumigations of bal es of jute 

the fumigant diffused very rapidly towa.rds the middle of the bales. At 

reduced pressures, therefore, it might be difficult to determine the 

route followed by the fumigant. It wa.s decided to use fumigatic:n at at­

mospheric pressure to study the p3.ttern of mortalities in relation to 

dept,h within the bales. Fig. 15 illustrates the resulta of these experi­

menta done at atmospheric pressure with 18 hours ex:posure on hales of 9% 

moisture content. At the smaller dosages the mortalities were very low 

at the centre of the bale, and increased as the surface was approa.ched. 

This relation of mortalities to depth was ma.intained as the dosage wa.s 

increased. Not shawn by the graph is the .fact that morta.l.ities in the 

free air space were complete at all dosages. From these resulta it ~ 

be concluded that by placing the capsules containing the larvae wi thin 

the bales, in the ma.nner described, the mortality of the insects could 

be used as an indication of the diffusion of the fumigant through the 

bulk of the bale itself, rather tha.n along any abnorma.l p3.ths which might 

have been brought about by the technique of the experiment. 

Effect of moisture content.-Before beginning the main study with the 

jute preliminary informa.ticn was required on how the mortalities o.t the 
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fumigated insects were influenced by- the moisture content of the jute in 

the ba.les. 

A collection of 320 bags, suspended individually- from clothes hangars, 

was kept in a tiled laboratory roan at appraxi.:mately 100% R.H. and 25° c. 

for 24 hours. The bags were then taken down and one 3 x 3 inch samp1e 

piece taken fran each of 20 bags from different positions in the room. 

The remaining 300 bags were assanb1ed in one bale. Fumigations or this 

bale were done in a sustainad vacuum at 33 mm., and in vacuum at 33 mm. 

with atmospheric pressure restored after 45 minutes. Between fumigations 

the bale was stored in a room at 22° c. and 50% R.H. and during this time 

the average moisture content (dry weigbt basis) fell from 29.3 to 15.8 

per cent. The results of these fumiga.tims are shown in Fig. 16. The 

mortality of the insects at the dosage employed fell off very rapidly as 

the moisture content fell below 21%. Mortality wa.s consistently 1ower 

in all treatments at the periphery of the 1oad, and in the free space, 

than at the three central positions. 

'Ihese experimenta showed that the moisture content of the jute has an 

important influence on the effecti veness of the treatments. The steepness 

of the curves below the point of 95% mortality emphasizes the fact that 

small changes in moisture content may bring about appreciable changes in 

mortality. In designing the experimenta on the vacuum fumigation of the 

bales, therefore, provision was made for comJaring the effectiveness of 

the va,rious treatments at two ranges of moisture content (dry weight 

ba sis) one at 9 - 10 per cent and another at a higher range of 13 - 14 

per cent. These ranges have some practica1 basis, as the first corres­

ponds to the equilibrium moisture content when bales are stored at ;o -

55% R.H. and the second when the material is kept at 70% R.H. As already 
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pointed out, the first condition might prevail when the material is stored 

in a dry warehouse. The second condition is likely to -be encountered du-

ring handling and storage during the summer and early autumn. For example, 

the moisture content an dry tieight basis of bales received from the dealer 

during the summer and autumn of 1956, deter.mined from 12 samples taken 

from positions throughout each bale, were as follows:-

2 bales received July 19, 1956, mean moisture content 

1 bale received Sept.l7, 1956, mean moisture content 

1 bale received Oct. 30, 1956, mean moisture content 

13.49% 

13.58% 

12.57% 

Hereafter, in this thesis, the bales at the lower range are referred 

to as those "of low moisture content"; those at the higher range are re-

ferred to as "moist bales". 

Sustained-Vacuum Fumigation 

The resulta fran the fwnigation of the bare insects showed significa.nt 

changes in mortality as the pressures were varied. Therefore, the first 

work with susta.ined-vacuum .fumigation of the ba.les was a. study of the ef-

fect of different pressures between 25 and 225 mm. 

Ba.les of low moisture content.-For the bales of low moisture content 
(49.5 and 59.4 mg./1.) 

two dosages/were used, .t'ound by pre1iminary experimenta to give mortall-

ties in the 50 per cent and 95 per cent ranges, respectively, at the optimum 

pressure. Because the results with the higher dosage of 59.4 mg./1. of 

methyl bromide gave results which were of theoretical si gnificance, and 

a.lso obviously of practica.1 importance, a second series was run to confinn 

the findings. The results of these experimenta are shawn in Fig. 17. The 

optimum pressure for complete morta.lity in a.l1 parts of the system appea.rs 

to lie between 100 and 125 mm. The curves for the second series with the 

dosage of 59.4 mg.jl. and the one series with 49.5 mg.jl. indicate that 
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the optimum pressure lies very close to 100 mm. The curve at the higher 

dosage rises very steeply from 25 mm. and falls away more gradually from 

100 mm. to 225 mm. In com:raring this curve wf.th those obtained with the 

bare insects (Fig. 11), the shape of the curve and the position of the 

optimum is most similar to that for the bare larvae exposed at 70% R.H. 

This may be accounted for by the fact that the bales, even at this low 

moisture content, would still supply moisture to the air, and, hence, 

the insects in the bales were exposed to a comparatively moist rather 

than a very dry environment. 

Moist bales.-Experiments were also made at a range of pressures fran 

25 to 150 mm. wi th bal es of higher moi sture content. 'Ihe mortality curves 

(Fig. 18) are again similar to those for the bare insects at 70% R.H., and 

the optimum pressure is 100 mm. 

Distribution of mortalities.-It was mentioned in the introduction of 

this thesis that in the field trial it was observed that mortalities were 

higher near the centre of the bales, but lower at the periphery and in the 

f'ree air spa.ce. It was necessary to establish whether this distribution 

was an artif'act, or whether it actual~ represented a true pi cture of' mor­

tality conditions to be ex.pected as a resul.t of the treatment. 

Six bales of' low moisture content were fumigated, at a pressure lower 

than the optimum, in sustained-vacuum. The lower pressure was chosen be­

cause it wa.s believed that the explanation of' the results of the field 

trials could be demonstrated better at lower pressures, below the optimum 

of 100 mm. In each of the six experilllents the initial pressure of the 

system wa.s 15 mm. After the introduction of the fumigant the mean operating 

pressure during treatment was 24.5 mm. The significance of these pressure 

differences will be discussed below. The results of these experiments are 
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shol'm. in Table ll. The difference between the central positions D,E,F, 

and the outer positions A,B,C,G,H, was analysed statistically by the 

rank method of Oakland (1952) and found to be highly significant. These 

findings of higher mortality towards the centre o! the bales confirmed 

the observations of the field trials. In view of the results already 

reported on the distribution of moisture cmtents in bales, and on the 

effect of humidity on the mortality of the larvae, the higher mortality 

in the centre may be ascribed to the effect of higher humidity in this 

region. 

Another mechanism can be suggested to explain the higher mortalities 

near the centre of the bales fumigated at pressures below the optimum. 

This is that a slight leakage of air into the chamber would create a 

pressure differentia! within the system so that throughout the exposure 

the fumigant would tend to now towards the centre of the bale, and methyl 

branide concentrations would be higher at this position. This suggestion 

was tested while the 6 experimenta described in the .foregoing section were 

being carried out. These treatments were made in a chamber in which leak­

age had been eut to a minimum. After the introduction of the fumigant 

the pressure rose to 27 mm. and then f'ell slowly during the 3 hour expo­

sure to 22 mm. As will be demonstrated later, in the section dealing with 

the results of chEmical analysis of :f'umigant concentrations, this .f'all in 

pressure is due to progressive sorption of the fumigant by the jute. In 

these particular experimenta, pressure differences caused by any leaks 

that may have occurred were masked by the sorption effect. Therefore there 

was no pro gres si ve increase of pressure throughout the system which could 

bring about increasingly higher concentrations towards the centre of the 

bale. The se findings are also con.finned by the resulta of the ch amical 

analysis (Fig. 26, Charts I and IV), which are described and discussed in 

a following section. 
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TABLE 11. DISTRIBUTION OF MORTALITIES IN SIX BALES OF JUTE BAGS 
FUMIGATED AT SUSTAINED-VACUUM 

Mature larvae T. mauritanicus 30 per positicn. Mea.n pres­
sure 24.5 mm. -Dosage CH3Br 69.2 mg.jl. for 3 hrs. at 25°C. 

PERCENT AGE MORTALITY 
Position 

I II III IV v VI Mean 

A. Upper free space 50 11 50 73 29 25 

B. On top or bale 56 29 59 68 30 18 

c. Inside top bag 32 30 79 63 14 27 

D. Fi ve inch es from 
top surface 86 93 92 84 69 59 

E. Centre of ba1e 63 93 96 100 68 80 

F. Five inches fran 
1ower surface 82 90 87 88 70 81 

G. Underneath bale 47 70 85 80 38 24 

H. Lower free space 30 47 54 30 27 19 

Mean of positions 
A,B,C,G,H 43 37 65 63 28 23 

Rank (9) (10) (7) (8) (11) (12) 

Mean of positions 
D,E,F 76 92 91 91 69 74 

Rank (4) (1) (2.5) (2.5) (6) (5) 

The difference in mean percentage mortalities between 
the three positions towards the centre (D,E,F) and those 
on or near the surface (A,B,C,G,H) is highly significant, 

t = -2.8**. 
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Vacuum Fumigation with Atmospheric Pressure Restored Atter a Period 

In the technique of restoring atm.ospheric pressure after sane time 

of exposure at reduced pressure, as suggested by Brown and Hauser, there 

are two interacting variables which must be studied before optimum cm­

ditions for this method can be defined. These variables are (1) the 

best time interval before atmospheric pressure is restored after the 

initial exposure at reduced pressure and (2) the optimum pressure for 

the initial exposure before restoration. Preliminary experimenta at 33 

and 100 mm. with both moist bales and bales of lowmoisture content showed 

that at dosages of methyl bromide causing high mortalities throughout the 

system of 90 per cent or better, the best interval of time for preliminary 

vacuum was 45 minutes. It will be realized that a final determination 

of the best interval would in itself entail an extensive investigation 

in which the variables of initial pressure, fumigant dosage, interva1 

time, and the moisture content of the jute would have to be incorporated 

in a factorial experiment. This problem wa.s not pursued further in the 

present study because the interval of 45 minutes appeared satisfactory 

and gave a better over-all mortality than sustained-vacuum, and a1so be­

cause the discovery of the method of gradual restoration, described later, 

gave promise of a more effective method for vacuum fumigation of baled 

jute. 

Optimum mean pressure.-With the acceptance of 45 minutes as the tim.e 

interval before restoratian of atmospheric pressure, the optimum pressure 

for the preliminary vacuum was investigated with ba1es of low moisture 

content. The resulta are shown in Fig. 19. This chart may be can.pa.red 

with that in Fig. 17, which gives the results of the sustained-vacuum. 

treatments. With both techniques the optimum pressure was in the region 
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of 100 mm. when dosages producing high mortalities are compared. At 

lower dosages, a rema.rkable feature is the rapid falling away, in the 

atmospheric restored technique, of morta.lities at the three central po­

sitions as the pressures are increased. 

Rapidity of restoration.-In the technique of Brown and Heuser atmos­

pheric pressure was restored rapidly. A possible variation of this is 

to restore atmospheric pressure gradually after the initial period of 

sustained-vacuum, timing the attainment of atmospheric pressure t9 coin­

cide with the end of the treatment. Four experimenta, each at a different 

dosage of fumigant, were made with bales of low moisture content to study 

this method. The results are illustrated in Fig. 22. This variation was 

not as effective as the rapid restoration method, but was slightly more 

effective than the sustained-vacuum, in all parts of the system. 

Gradual Restoration of Atmospheric Pressure 

There is one variation in the technique of restoration of atmospheric 

pressure which, to the writer's lmowledge, bas not previously been inves­

tigated. '!hat is to draw a high initial vacuum an the system and then 

gradually to restore atmospheric pressure, over an extended periode This 

method was studied because it was thought that it would bring about a more 

even distribution of the fumigant throughout the system. Again there were 

two interacting variables to resolve, the optimum for initial pressure 

and for length of time of restoratian. Because a high initial vacuum 

would provide a greater pressure differentia! it was a reasonable course 

to investigate first the optimum time, using an initial vacuum of 25 mm. 

In these experimenta the air was restored through two copper tubes of 

2 mm. internal diameter, one with the outlet at the top of the chamber, 

and the other at the bottan. The required restoratian times were achieved 
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by regulating the diameter of the tubes at the inlet. Preliminary ex:pe­

l"iments indicated that a period of two hours for the restoration of at­

mospheric pressure gave the highest mortalities throughout the whole 

system. Here again an extensive investigation, with ali variables taken 

into account, would be needed to find the best length of time for res­

tora ti on under various conditions. With this period of two hours experi­

menta summa.rized in Fig. 20 showed that, with bales of low moisture 

content, of those initial pressures tested, 25 mm. gave the highest mor­

talities in all parts of the system. 

It was at once obvious that this newmethod of gradual restoration of 

atmospheric pressure was very effective under the condition of these ex­

perimenta, and might be tested in wider applications for certain cammodities 

or species of insects. Following the schane of descriptive terms for vacuum 

fumigation suggested by Page et ~· (1953) this technique may be referred 

to as "Vacuum fumigation with atmospheric pressure restored gradually after 

dosage". 

Immediate Restoration 

EXperimenta on the bales showed that this technique, sometimes referred 

to as the vacuum "released" or "dissipated" method1 produced erratic re­

sulta. In these tests, after the initial vacuum was produced, the atmos­

pheric pressure was restored immediately and rapidly by opening the inlet 

valve (Fig. 2) at the front of the chamber and allowing air to flow in 

over a period of 2.5 minutes. A preliminary series of trials indicated 

that an initial pressure of 50 mm. was optimum for the vacuum produced 

before the introduction of the fumigant and the restoration of atmospheric 

pressure. Although 25 mm. of initial pressure provided a high pressure 

differential, it was seen that complete mortality was produced at the 



- 84 -

centre of the bale at the expense of the whole system. 

A series of three trials shawn graphically in Fig. 21, co.mparing this 

method with others, showed that it was less effective than all other 

methods investigated, except, the technique of simultaneous introduction. 

Simultaneous Introduction 

Ex:periments with this method were designed to simulate as closely as 

possible the actual physical conditions of the technique as described by 

Lepigre (1949). As mentioned previously, in practice this method is car-

ried out by the use of a gasaneter in which the fumigant is stored as a 

gas, and fran which it flows at the beginning of the treatment, being 

mixed in correct proportions in the air as it nowa into the evacuated 

fumigation chamber. In the present experimenta a gasometer was not used, 

but the manipulation described below produced the conditions required for 

introduction of the gas-air mixture into the fumigation chamber, according 

to this method. A bale of law moisture content, and the usual array of 

test insects, was loaded into me of the 525 litre chambers. The remain-

ing 5 of the 525 litre chambers and the larger chamber of 900 litres were 

used as fumigant reservoirs. After they were ail evacuated to 10 nun. 

pressure a pre-determined weight of methyl bramide was introduced into 

the large cha.mber and allowed to come to equilibrium throughout the 6 

chambers camprising the reservoir. Atmospheric pressure was then restored 

in the reservoir chambers and ail the available circulating fans turned 

on in each of them. After 10 minutes, readings for methyl branide con-

centratim in 3 of the reservoir chambers were taken by means of a Gow­

Ma.c thermal conducti vi ty analyser*. The se readings showed. that the 

*Gow-Mac Instrument Co., Newark 5, N.J., u.s.A. The use of this method 
for determining concentrations of methyl bromide gas was first reported 
by Phillips and Bulger (1953). The application of the method for methyl 
bromide analysis in the experimental chambers was described by Monro and 
Buckland (1956). 
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fumigant wa.s evenly distri.buted throughout the reservoir system. (Read­

ings in the 3 chambers were 70.3, 70.9, and 70.8 mg.jl. of metnyl bromide 

respectively). 

Now that the fumigant-air mixture was evenly distri.buted and ready' for 

entrainment, the chamber containing the bale was evacuated to the required 

initial pressure. By means of appropriate valves, the chamber was then 

disconnected fran the pump and the fumigant-air mixture was allowed to 

flow in from the reservoirs. Equilibri.um of pressure at 700 mm. was reached 

throughout the entire system in 2.5 minutes, and the fumigation chamber was 

closed off fran the rest of the system. Air was next :i.ntroduced directly 

into the fumigation chamber to bring it to a:tmospheric pressure for the 3 

hour exposure period. 

Mortality resulta with this method were poor. A series of 3 experimenta, 

as shown in Fig. 20, indicated that there might be an optimum initial pres­

sure of 25 nun. before introduction of the air-gas mixture into the fumigaticn 

chamber. Canpari.son with other techniques (Fig. 21) showed that, under the 

conditions of this investigation, it gave the lowest mortalities for the 

whole system of all methods studied. Mortalities on the three central po­

sitions in the bales were all zero or near to zero. Same mortalities in 

the free s}:ace and at the periphery of the bales were high, but this was 

obviously due to the fact that penetration was poor and therefore high con­

centrations were left in the free space. These resulta w:ith the insects 

may also be compared with the chemical analysis illustrated in Fig. 2S 

( Chart VII) • 
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DIRECT COMPARISOU OF VACUUM FUMIGATION TECHNIQUES 

The apparent optimum conditions were now established for some varia­

tions in the technique of vacuum fumigation as applied to ba.les of jute. 

The next step was to ma.ke direct comparisons of the efficiency of these 

variations. 

Ba.les of Low Moisture Content 

The first experimenta, the resulta of which are shown in Fig. 21 con­

sisted of 3 replicated trea.tments with each of the variations, all at the 

same dosage of 59.4 mg./l. This treatment gave complete morta.lity only 

in the method of gra.dual restoration. 

The 3 most effective methods were then tested in a series of experi­

menta at gra.duated dosages, a.s it wa.s considered tha.t tests a.t different 

fumiga.nt concentrations would be the best way to confirm the previous 

findings. Included in this series, but not shown in the sta.tistica.l 

a.na.lysis, wa.s the technique of gra.dual restora.tion of a.tmospheric pres­

sure a.fter a.n initial ex:posure to 100 mm. pressure for 45 minutes. The 

results are presented graphically in Fig. 22. A sta.tistica.l a.nalysis by 

the method of Litchfield and Wilcoxon (1949), is shown gra.phica.lly in 

Fig. 23, and summarized in Table l2. 

The method of gradua.l restoration of a.tmospheric pressure for two 

hours after a. high initial vacuum was si.gnificantly more effective than 

any of the other treatments for both groupings of positims. The close 

proximity of Unes A and A1 in Fig. 23 empha.sizes the even distribution, 

in this method, of mortalities throughout the whole system. The technique 

of rapid restoration after 45 minutes was more effective than the sustained­

va.cuum, but in both methods there was uneven distribution, a.s the morta.lities 

were higher throughout the entire system tha.n a.t the central positions. 
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TABLE 12. COMPARISON OF VACUUM FUMIGATION T:EXJHNIQUES AGAmST LARVAE OF T. mauritanicus IN 
BALES OF LOW MOISTURE CONTFNT -

Statistical analy'sis of data presented grapbically- in Figs. 22 and 23. Dosage ot 
methy'l bromide in milligrams per litre tor three hours at 250 c. 

Description of Technique 

Gradual restoration ot 
atmospheric pressure 
fran 25 Dmle 

n 

Atmospheric pressure 
restored atter 45 mins. 
at 100 Dmle 

.. 

Sustained-vacuum 

.. 

Position ot 
Insects 

in Chambers 

Whole system 

Three central 
positions ot 
bale 

Whole system 

Three central 
positions ot 
bale 

Whole system 

Three central 
positions of 
bale 

ID50 (with 95 per Efticiency Ratio Deviation fran 
cent confidence (with 95 per cent paralleliam ot 

intervals) confidence intervals) regression lines 
p • 0.05 

37.2 
(36.5 - 37.9) 

36.6 
(35.1 - 38.3) 

40.6 
(39·7 - 41.5) 

43.8 
(42.6 - 45.1) 

44·3 
(43·3 - 45.2) 

48.3 
(47.0 - 49.7) 

VERSUS B = 1.09* Not signiticant 
(1.04 - 1.44) 

VERSUS al • 1.2o* n 
(1.16 - 1.23) 

VERSUS C a 1.09a 
(1.0'7 - l.U) 

VERSUS cl : l.lo* 
(1.03 - 1.18) 

VERSUS cl : 1.09* 
(1.0'7 - l.ll) 

" 

" 

n 

*significantly more efficient, P : 0.05. 

~ 
0 

1 
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Moist Ba.les 

Bales of 13.5% moisture content (dry weight basis) were also sub­

jected to the three most effective techniques. This time only a range 

of 3 dosages was employed because after these were tested it was clear 

that there were no signiticant differences between these methods when 

bales are moist. An exception, within one treatment but not for the 

treatment as a whole, was the result for the three central positions in 

the method of gradual restoration (Line A1, Table 13). The efficiency 

ratio for this group was signiticantl;y higher than that for the corres­

ponding central positions in sustained-vacuum fumigation (Line c1 ). 

The resulta of this series of tests are shown graphically in Fig. 24. 

The statistical analysis is summarized in Table 13. 

INTERACTION OF FillfiGANT AND COMMODITY 

A proper interpretation of the reaction of the insects in the bales 

of jute to the various treatments applied cannot be made unless there is 

knowledge of the fumigant concentrations present in the different parts 

of the system. This information was obtained by means of the analysis 

of gas samples removed at intervals of time during the treatments from 

the free air spa ce and from the centre of the bal es. The chemical ana.1yses 

described in this section were made by T. Dumas, Assistant Chemist in my 

Section. 

Method of Chemical AnaLvsis 

Samples of the fumigant-air nri.xture were extracted at intervals from 

the sampling points, through copper tubing of 0.15 mm. I.D., by means of 

rol.Uld bottom flasks of 40 ml. capa.city. The flasks were first evacuated 

to 0.2 mm. pressure and then connected to the outlet of the copper tubing 
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TABLE 13. COMPARISON OF VACUUM FUMIGATION TECHNIQUES AGAINST LARVAE OF Î• mauritanicus IN MOIST BALES 

Statistical ana.lysis of data presented graphically in Fig. 24. Dosage of methyl bromide 
in milligrams per litre for three hours at 25° c. 

Line in Position of LD5o (with 95 per Efficiency Ratio Deviation from 

Fig. 
Description of Technique Insects cent confidence (with 95 per cent Parallelism of 

in Chamber intervals) confidence intervals) Regression Lines 
p • 0.05 

A Gradual restoration of Whole system 33.1 VERSUS B - 1.05 ~ significant -
atmospheric pressure (32.4-33.8) (1.0-1.1) 
from 25 mm. 

VERSUS C 1.03 Not significant = 
(0.99-1.08) -

Al If Three central 31.0 VERSUS Bl : 1.03 Sip;nificant 
positions of (30.1-31.9) (0.98-1.09) 
ba le 

VERSÙS cl : 1.08* ~ significant ~ 

(1.03-1.13) v.> 

1 

B Atmospheric pressure 'Whole system 31.5 VERSUS C = 1.02 !i2i significant 
restored after 45 mins. (30.8-32.2) (0.97-1.08) 
at 100 mm. 

Bl If Three central 32.0 VERSUS Cl : 1.05 Simi.ficant 
positions of 31.1-32.9) (1.0-1.1) 
bal• 

c Sustained-vacuum Whole systen 32.0 
at 100 mm. (31.3-32. 7) 

cl Il Three central 33·5 
positions of (32.7-34·3) 
bale 

*significant difference, P = 0.05 
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on the outside of the chamber. The glass stopcock on the flask wa.s 

first opened and then the metal petcock on the copper tube. As the 

fiask wa.s altoBys at a much lower pressure than the fumigation system, 

a true sample of the tumigant-air mixture wa.s drawn into the flask. An 

interval of 30 seconds was allowed far establishment of equilibrium be­

tween chamber and .tla.sk. The cocks were then closed and the flask: re­

moved. Next 0.5 ml. of a solution of alcoholic potassium hydraxide 

(4% KOH in CH30H) wa.s dra"Wn into the flask. The fiask wa.s then clamped 

and placed in an oven at 40° C. for three hours. nrl.s process converted 

the methyl bramide to inorganic bromide. The solutim wa.s next neutra­

lized by nitric acid (HN03 ). 'lhe flask and cmtents were then thorough.ly 

rinsed with a ground solution, the most suitable, as found by preliminary 

experiment, being 0.5 molar perchloric acid (HClo4) in 8~ ethyl alcohol. 

Titration to determine the inorganic bromide content, of each sample was 

done by means of a Fisher coulanatic titrator, which works on the principle 

of the electrolytic generation of silver ions, with a method developed by 

Latimer and Dumas (1958). 

Cmcentrations in Different Methods 

A study was made o:t the concentration p:Lttern in the :tree space and 

in the centre of the bale in the principal techniques of treatment. The 

resulta are illustrated graphically in Figs. 25 to 28 and some camnents 

are made below under the headings of the vari ous methods. 

For the purpose of analysing the resulta of the chemical analysis, 

and for canp3.ring the different . techniques, three indices have bean em­

ployed - the 11mean concentration", the "penetration factor", and the 

"distribution ra.tio11 • 

The mean concentration has been fotmd suitable for canparing 
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concentrations prevailing in various parts of the fumigating systems 

(see Fig. 26, IV). This index is obtained a:f'ter the concentration x 

time (c x t) product has been calculated for each selected position. 

The (c x t) prod.uct is obtained by measuring the area under a given 

concentration curve and expressing this in the appropriate units, 

which in this study woul.d be milligrams per litre hours. The mean con­

centration is calculated by dividing the c x t prod.uct by the exposure 

period, in this work always 3 hours. The resultant value is in the 

original units of milligrams per litre. 

The penetra.ticn factor of Brown and Heuser ha.s already beEil described 

and defined (page 12). This factor is useful for danonstrating the de­

gree to lohich the fumigant has succeeded in reaching a. certain point 

w:i.thin the commodity, in the present instance the centre of the ba.le. 

The distribution ratio is the ratio of the value of pairs of mean 

concentrations which may be selected for danonstrating how evenly the 

fumigant ha.s been distributed throughout the system during the period. 

of trea.tment. It has already ( page 10) been suggested that the at tain­

ment C1f even distribution is a desirable aim in this work, and this point 

is taken up more t'ully in the discussion. The distribution ratio in 

Table 14 is based on the two values available, those for the free space 

and the centre of the bale. For the purpose of this Table the first 

value ha.s been divided by the second. The nearer the ratio is to unity 

the more even the distribution at the selected points. 

Sustained-vacuum.-In Charts I, II, and III of' Figs. 25 and 26 are 

shawn the results obtained by chemica.l analysis of the concentrations 

at three pressures in bales of two moisture contents of 9.5 and 13.4 per 

cent dry weight basis. Chart IV of Fig. 26 summa.rizes the data for the 
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mean concentratiœs at all sampling points in ail treatments. The 

dosage applied was the same in ail treatments. 

Exa.mination of Charts I, II, and III, illustrating the flow of gas 

concentrations, leads to the following main conclusions:-

1. The lower the pressure of the system, the more rapid the diffu­

sion of fumigant towa.rds the centre of the bale. 

2. At ali three pressures the fumigant concentrations in the moist 

bales were higher than in the dry bales at the corresponding pressure. 

3. In the dry bales, loss of fumiga.nt concentrations from the free 

space was greater as the pressure wa.s reduced. This is forcibly dancn­

strated by Une B in Chart IV of Fig. 26. This Une, for the concentra­

tion in the free space, rises steeply with increase in pressure. 

4. The mean concentrations at the centre of the bale for each set 

of moisture contents is fairly uniform at ail three pressures. In view 

of the resulta wi.. th the insects, this phenanenon is ex:tremely important 

and will be dealt with in the Discussion. The indices set out in Table 

14 show that for the three pressures at which sustained-vacuum wa.s studied 

the penetration factors are very close in value. However, the distribution 

ratios of 0.98 and Oe93 for the treatments at 27 nun. indicate more even 

distribution than at the two other pressures. The good distribution at 

27 nun. in sustained-vacuum is of little value when the mortality of !• 

ma uri tanicus is considered, be cause this pressure is in the zone of high 

resistance of this insect. 

Atmospheric pressure restored after 45 minutes.- Fig. 27, Chart VI, shows 

the gas concentration diagram for this treatrn.ent. Analysis of fumiga.nt 

concentrations was done only wi.. th a bale of low moisture content. The 

penetration factor was higher than for all three sustained-vacuum treatments 
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at the same dosage, and distribution was also better than with the 

sustained-vacmum technique in the optimum range (104 mm.). 

Gradual restoration of atmospheric pressure.- The flow of fumigant 

concentrations in this technique, for a bale of low moisture only, is 

Ulustrated in Fig. 27, Chart V. It is seen that very soon after the 

beginning of the fumigation the curves for concentrations in the free 

spa.ce and at the centre of the bale are very close throughout the 

exposure period. The sunmary of indices in Table 14 also shows that 

this technique ha.d the best penetration factor for the low moisture 

content bales, and that the distributiœ ratio of 0.98 is near to the 

ideal of unity. This distribution ratio exceeded ali others except 

that for sustained-vacuum at 27 mm., with 'Which it -was equal. 

Simultaneous introduction of air and fumiga.nt.-This was studied for 

gas concentratiœs w.i.th a moist bale and with an initial dosage greater 

than with the other treatments. The concentration diagram is given in 

Fig. 28, and the indices are summarized in Table 14. Despite the higher 

dosage this method had the lowest mean concentration of all treatments, 

regardless of the bale moisture contents. Both the penetration factor 

of 13 and the distribution ratio of 0.27 were the lowest of all treat­

ments studied. Canpa.ratively high fumigant concentrations were present 

in the free spa.ce. This chemical analysis confirmed the i'indings with 

the insects (Fig. 21), showing that poor penetration of the i'umigant 

led to mortalities in the region of' zero near the centre of the bale. 
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Fïgure 2S. Methy1 bromide concentrations in vacuum .fumigation of 
jute bag with simultaneous introduction of air and fumigant. 
Ba1e with moisture cœtent 13.4% dry weight basis. Nanina1 
concentraticn 413 mg./1. for three hours at 25° c. 



TABLE 14. SUMMARY OF INDICES OF METHYL BROMIDE CONCENTRATIONS FOUND DURING VACUUM FUMIGATION 
OF BALES OF JUTE BAGS 

E>cposure period 3 hours. Temperature 25° c. 

Figure Description Percentage Moisture Nominal Con- Mean Concentration Penetration Distribution 
Number of Content of Bale centration Free Space Centre Factor Ratio 

Technique (Dry Weight Basis) CH3Br mg.jl. 

BALES OF LOW MOISTURE CONTENT 
25 (I) Sustained-vacuum at 27 mm. B.4 39.6 9.B 9.6 24 .9B 

25 (II) Sustained-vacuum at 104 mm. B.6 39.6 13.3 9.B 25 .74 

26 (III) Sustained-vacuum at 153 mm. B.? 39.6 15.4 9·5 24 .62 

27 (VI) Atmospheric pressure restored 10.1 39.6 13.1 11.5 29 .BB 
after 45 mins. at 100 mm. 1 

l-' 
0 

27 (V) Gradua1 restoration of atmos- 9.6 39.6 12.3 12.1 31 .9B 1\) 

pheric pressure for 2 hours 1 

from 25 mm. 

MOIST BALES 

25 (I) Sustained-vacuwn at 27 mm. ].4.0 39.6 1B.O 16.B 42 ·93 

25 (II) Sustained-vacuum at 104 mm. 13.5 39.6 lB.? 15.7 40 .B4 

26 (III) Sustained-vacuum at 153 mm. 14.9 39.6 1B.4 13.6 34 ·74 

2B (VII) Simultaneous introduction of 13.4 4B 23.2 6.3 13 .27 
air and fumigant fran 50 mm. 
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DISCUSSION 

The most important conclusicn arising frcm this investigation is that 

the response of an insect to a constant dose of poison gas does not neces­

sarily vary directly with reductions in the pressure of the environment 

in which the gas is applied. 

Response of Bare Insects 

It will be seen fran Figs. 11 and 12 tbat the mortality curve obtained 

with larvae and adults of !• ma.uritanicus exposed to methyl branide over 

a range or reduced pressures exhibits tour distinct zones of response which 

may be distinguished, and defined, as follows: 

1. Zone of dessication.-At a higher range or vacumns used in this work, 

apprax:iJDately between 15 and .30 liDZl., the mortality of both stages in 

a dry chamber in crea. ses rapidly as the pressure is reduced. This 

mortality bas been shawn to be related to water losa, and this region 

may therefore be called the "zone of dessication". The curves tor 

mortality with or without tumigant (Fig. 7) are very close, and the 

part played by the fumigant is small canpared with the eftect ot 

dessication. It bas also been demonstrated that this losa of water 

in larvae may take place principally through the spiracles. In 

adults there is a very effective control ot water losa ammg surviv­

ing individuals exposed between 20 and 24 liDZl. 

2. Zone of high resistance.-Between approximately 20 and 50 JJBll. there 

is a "zone of high resistance" in which the mortality in a dry en­

viranment is in the region of zero at dosages which cause high mor­

tality at higher pressure. Owing to the fact that losa of water is 

comparatively small at these pressures it bas not been possible, so 

far, to relate this etfect to any spiracular mecha.nism.. On the other 
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band, there is no doubt that the response connected with resis­

tance in this zone is partly independent of humidity because even 

when the atmosphere is saturated with moisture vapour there is a 

falling off of larval mortality in this range of pressures. At 

7f$ R.H. the mortality curve is closely ~rallel to that for the 

insects exposed in the dry environment. 

This is also the zone in which a progressive lowering of 

visible acti vit y was observed as the pressure was reduced fran. 50 

nm. even in a humid environm.ent ( see Table 2). Fran 50 mm. pres­

sure upwards activity was resumed. At pressures of 50 to 100 mm. 

the mortality of the larvae appears to be more related to visible 

activity than to the humidity of the environment. 

3. Zone of susceptibility.~At the three ranges of humidity in which 

the responses were investigated there is a zone of susceptibility 

of the insecte to the fumigant lying between 50 and 175 mm. The 

optiml.Un varies according to the humidity, but appears to lie bet­

ween 75 and 150 mm. 

At all three humidities the mortality curve rises very steeply 

from the law point at the end of the zone of high resistance. At 

the other side of the peak, however, the curve falls away more gra­

dually. As recorded in Table 2, visible activity of !• mauritanicus 

appears to be nonnal at 100 mm. 

4. Zone of declining susceptibility.-As the pressures are increased 

above 150 mm. the mortality of the insecte declines gradually. 

Pressures above 250 nm. were not investigated, but at this point 

there begins an approach to the mortality response round at at­

mospheric pressure, at which a higher dose is required to bring 
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about a given mortality in three hours of exposure (Fig. 10). 

It should be pointed out that, a1though the response which makes the 

insects more difticult to ld.ll in the zme of resistance is able to operate 

even at moisture saturation, as far as actual canparative mortalities are 

concerned the insects are more susceptible at high than at low humidities 

at any of the pressures investigated. This is clear fran Fig. ll and 

Table 6. The mortalities were higher at higher humidity even though the 

doses were 1owered as the humidity was increased. 

It has also been shown that two other insect species, represented by 

the mature larvae of !• molitor a.nd the adults of 1• confus\Dll, give a -com­

plex response to methyl bromide as the pressure is progressively reduced. 

The response of !• molitor (Fig. 13) is similar to that of l• ma.uritanicus, 

except that at the range of pressures used, down to 15 mm., a zone of des­

sica ti on was not reached. 

The resulta with !• confus\Dll (Fig. 14) show a zone of resistance near 

75 mm. pressure, but the differences due to pressure are not so strongly 

ma.rked wi th this ins ect. 

The mortal.ity responses of T. confus\Dll with and without fumigant in 

the pressure range or 50 to 100 mm. were very careful.ly studied in the pre­

sent work. Between the narrow limita of 55 and 70 mm. the fall in mortality 

for both fumigated and non-fumigated adults of !• confusum is very rapid. 

It was c:nl.y by very careful choice of dosage that it was possible to dEI!lon­

strate the low point and subsequent rise in the curve for tumigated insects. 

It is ea.sy to mderstand why wi th .! • confusum previ ous workers misinter­

preted the rapid faU in mortality as the pressure was reduced in this 

range, and did not distinguish between the effects due to dessication and 

those due to fumigant toxicity. 

These findings may be contrasted with the hypothesis of Cotton (1932 
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and 1937) that ox;ygen deficiency, and not the reduction in pressure it­

self, is the factor in vacuum fumigation that makes insects more suscep­

tible to the acticn of certain fumigants. Cotton did not use methyl branide 

in any of his experimenta, so no direct can~riscn may be made between the 

results of this study and his. However, the staternent of Cotton was clear­

ly intended as a generalization of this hypothesis. Certainly with the 

three insects studied here, the concept of ~gen deficiency could not 

account for the high mortalities at the optimum pressures, at which there 

would be more ox;ygen present than at lower, and less effective, pressures. 

The evidence presented in this pa.per indicates that the lowered mor­

talities in the zone of resistance are connected either with a response 

to pressure reduction itself, or with pressure reduction in cambination 

with the action of the fumigant. It is significant that the lowered mor­

talities of ail three :insects in the zone of resistance occur when visible 

activity is very low or non-existent. 

It must be pointed out that there is no evidence from this work that 

rules out oxygen deficiency as one possible factor. However, if it is a 

factor, its effect on !• mauritanicus is ma.sked at very low pressures by 

the affect of dessication, and at higher pressures by an increased sus­

ceptibillty which is associated in some way with increased activity at 

these pressures. 

Carpenter and Moore (1938) found that sorne species of insecte, exposed 

to HCN for the very short period of ten minutes, gave curvilinear responses 

with optimum mortalities at 30, 60, or 90 mm. and law kills at 2 mm. Elc­

ceptions were !• confusum and ~· dominica, in ldlich the mortality appeared 

to vary inversely as the pressure. These authors did not investigate, or 

discuss, the role of humidity or the bearing that dessication of the insects 
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might have on their resulta. Neither did they demonstrate a multi-peaked 

curve with any of the insects they studied. However, they made the very 

pertinent observation, which is coofinned by the present study, tbat some 

species of insects are more easily killed in vacuum fumigation at pres­

sures at which they are active, this activity usually occurring at pres­

sures of 60 mm. and above. The high mortality of !• cœfusum adu1ts at 

very law pressures wa.s also attributed by these authors, as it was by 

Cotton, to the affect of the fumigant, whereas the writer has shawn that 

in the cri ti cal range of 50 to 70 mm. pressure for three hours exposure 

the mortality curves for fumigated and non-fumigated insects are very 

close. 

The work of Bhambhani (1956) on the two weevils .ê.• granarius and .2.• 

o:ryza, also exposed to reduced pressures without fumigant, revealed a linear 

increase of the respœses of water loss and mortality with increase of ex­

posure period, decrease of pressure, and decrease of relative humidity at 

pressures between 20 and 80 mm. However, at 3 - 4 mm. the mortality wa.s 

zero at a four hour exposure period ~ich in the previously mentioned pres­

sure range had caused high mortalities. Also, at the very low pressures 

the percentage water loss was greatly reduced. Theref'ore, with the two 

weevils there was a pressure range at which the weevils were able to with­

stand the dessicating effects of reduced pressures, an affect similar to 

that exhibited in the present study by the survivors among the adult cadelles 

between pressures of 20 and 24 mm. 

Response of' Insects in Bales 

The responses of' the larvae of' T. mauritanicus, in, on, or near the bales 

of' jute during the vacuum .t\unigation with methyl bromide can be explained 

from the resu1ts with the bare insects. The most significant finding is 
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that in the fumigation of jute bags in bales the mortality of !• ma.uri­

tanicus was influenced more by the envirorunental conditicns of pressure 

and humidity than by the depth of the insects w.ithin the hales. However, 

as bas already been pointed out, jute cloth is open in texture and fumi­

gants may penetrate more quickly into a mass of this fabric than into 

certain other materials. Nevertheless, even if, with other materials, 

penetration is more of a problem, the factors of pressure and humidity 

would still have an important bearing on the response of the insects. 

Furthennore, the chem.ical analysis showed (Fig. 26, Chart IV) that 

the mean concentrations at the centre of the hales of low moisture content 

were almost the same for the same nominal dosage at three widely separated 

operating pressures (27, 102, and 153 mm.) whereas the mortalities at the 

centre varied according to the pressures (Fig. 17 shows mortalities in 

the top curve of 23, 9S, and 100 per cent respective1y at the above~entioned 

pressures). 

Thus the work with the bales confinned that with the bare insects by 

demanstrating the presence of an optimum range of fumigating pressures, 

and by showi.ng that this optimum range prevailed at different moisture con­

tents of the material. 

Erf'iciency of methods.-The study of the comparative efficiency of' dif­

ferent methods, rel.ated to the manipulation of the pressure system, -was 

usef'ul because it empbasized the theoretical and practica1 significance of 

the findings with the bare insects. With the bales of low moisture content 

sustained-vacuum wa.s not the most efficient method, as it ranked third be­

hind two methode emp1oying the principle of restoration of atmospheric 

pressure. The greater effectiveness of the restoratian treatments is cor­

related with better distribution of effective fumigant concentrations 
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throughout the system. The "newt' technique of gradual restoration of at­

mospheric pressure, at'ter an initial high vacuum, is of interest because 

it constitutes a .final realization of the concept which may have pra:npted 

the introduction of the immediate restoration and simultaneous introduc­

tim techniques, namely that of using the pressure differentia! at the 

beginning of the treatment as a source of energy to drive effective con­

centrations of fumigant towards the centre of a camnodity. This technique 

wa.s markedly superior cmq at low moisture contents. Its value in practice 

can be determined only by trial. However, it is another method "Which could 

be tested out for dealing with specifie field problems. 

In the meantime, two features of this teclmique are worth mentioning: 

1. It may with certain materials, as it did with jute, lead to a more 

even distribution of the f'umigant throughout the system. This would 

mean in practice that an econany in the use of the fumigant might 

be effected. Apart :fran the saving in fumigant itself, such econany 

would reduce the amount of residue fonned in a given canmodity. At 

present government authorities are laying dawn residue tolerances 

for .fumigated ma.terials, sane of "Which allow only small margina of 

safety when effective dosages are used. A technique which reduces 

residue would be acceptable Wlder these conditions. 

2. In the sustained-vacuum technique, and also in that of the rapid 

restoration of atmospheric pressure after a period, the fumigant 

is carried by an onrush of air to the centre of the camnodity. In 

the first method this occurs at the beginning of air-wa.shing, in 

the second a:fter the initial period under vacuum at the time of 

restoration or atmospheric pressure. It is shO\m (Fig. 27) that 

this results in the production of an abnormally high concentration 
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of fumigant at or near the centre of the commodity tor sorne length 

of time. This ma.y bring about a higher re si due in material near 

the centre of a bale or package of material. In the method of 

gradual restoration the vapours are evenly distributed alm.ost from 

the start of the treatment and they can be removed in the same pro­

portions 'Wh en air-washing be gins. 

~planation of Field Resulta 

The attempt to find a complete and satisfactory explanation for the 

observations in the field trials led to a very comprehensive investigation. 

This embraced a stu~ of pertinent aspects of the respanse of insects to 

red.uced pressures and of conditions in bales of jute bags which inf'luenced 

the results of the trea.tments. 

From the observations made in this stu~ an adequate explanation oan 

be given for the fact that mortalities of the insecte in the trial were 

higher at the centre of the bale than at the periphery or in the free space 

of the chamber. These resulta were simulated in the laboratory and it was 

shawn that the differences can be ascribed to the presence of higher humi­

dities at the centre of the bale than at the outside or in the free air. 

In fumigation research cmtact with field conditions should be main­

tained, for such contact may prove fruittu.l in opening up areas of reward­

ing investigation. 

Practical Implications 

'l'his wrk shows that in vacuum fumigation with methyl branide great 

care must be exercised in the selection of the pressures at whieh the sys­

tem is held during the aetual exposure period. Even massive doses may not 

be sufficient to counteraet the effect of fumigating an intrinsieally re­

sistant insect, ar stage of an insect, at a pressure or humidity at ~ieh 
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greater concentrations are needed for kill than at optimum conditions. 

This means that careful preliminary investigations are always needed to 

deal with specifie problams. Following these, the resulta of commercial 

treatments must be constantly checked. Special attention should be pa.id 

to -variations in moisture ccntent of different packages of the commodities 

treated. 

Although this study was dcne with a:ùy one .t'umigant, methyl bromide, 

it is believed that the resulta presented may prove of guidance for dealing 

with problems in which other fumigants, commodities, and insect species are 

investigated. 

SUMMARY 

ll..ature larvae and adulte of Tenebroides mauritanicus L. were exposed 

to methyl bromide fumigation at reduced pressures between 15 and 225 nm. 

Hg. When mortality is plotted against pressure the resultant curve shows 

four zones of varying susceptibility: 

1 • . A zone of dessication, between 15 and 30 mm., in which mortalities 

appear to be due more to loss of water fran the insects than to the 

effect of the fumigant. 

2. A zone of high resistance, between .30 and 50 nm., in which mortality 

is law. This resistance is independant of humidity and appears to 

be camected with the lowering of visible activity of the insects 

at these pressures. 

3. A zone of susceptibility, between 50 and 175 mm. 

4. A zone of declining susceptibility, fran 175 nm. up to normal atmos­

pheric pressure. 

Although the response in the zcme of high resistance appears to be in­

trinsically independant of humidity, progressively lower doses of fumigant 
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are required to produce the same mortalities as the humidity is increased. 

Elcperiments with two other species of insects, mature larvae of Tenebrio 

molitor L. and adults of Tribolium confusum Duv., indicate that similar 

curves of response may be demonstrated, although these may differ consider-

ably in detail. 

The findings wi. th the larvae of ! . mauritanicus were applled to a study 

of the relationship between the responses of this insect and ccnditions pre-

vailing inside bal es of jute bags during vacuum fumigation by various tech-

niques. It is shawn that the principal modifying factors, at a constant 

0 temperature of 25 c., are the mean pressures during fumigation and the mois-

ture content of the jute. 

The technique of sustained-vacuum tumigaticn was compa.red with other 

methods, all based upon some manipulation of the pressure during the exposure 

period. It was shown that, when the bales were at a ccmpa.rativel.y law mois­

ture content of 9 - 10 per cent (dry weight basis), better and more evenl.y 

distributed ldlls could be effected by two methods in which atmospheric pres-

sure was restored after the initial reduction of pressure and the introduc-

tion of the fumigant. At higher moisture contents in the jute, of 13 - 14 

per cent, differences between the techniques were not marked. 

Studies were made by chemical analysis of the pa.ttems of diffusiœ 

and concentration of the tumigant within the bales. These analyses showed 

that with the sa.me initial dosage of methyl bromide in sustained-vacuum tu-

migations, the operating pressures of 25, lOO, and 150 mm. did not affect 

significantl.y the mean concentrations at the centres of the bales. With 

the same initial dosages, concentrations were higher inside moist bales 

than inside bales of low moisture content. 
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The chemical analysis also confirmed the work with the insects by 

showing that, in ba.les of low moisture content, the two most effective 

methods of those tested embodied the technique of restoring atmospheric 

pressure some time during the exposure period. 

With bales of low moisture content the insecticidal resulta and 

chemical analysis both showed that, for even distribution of high mor­

tality and effective penetration of methyl bramide, the most effective 

method was that of gradual restoration of atmospheric pressure, from 

initial high vacuum, during two of the three hours of the fumigation 

periode 
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