
493 

IMPERFECTIONS IN OUR CURRE NT KNOWLEDGE OF INSECT BIOLOGY AS RELA TED 

TO THEIR RESPONSE TO CONTROLLED ATMOSPHERES 
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ABSTRACT 
Several recent review papers h a ve commented on the f a ct t h at there is 

little reve l ance between l aboratory studies and the field a p p lication of 
controlled atmosp h eres (CA) to control stored-product insect s . Most of this 
research used either larvae or adults o f one or two species of insects, 
usually Tribolium spp., to demonstrate th a t there is a diff~rence in mortality 
when the insects are exposed to different CA compositions. We have de veloped 
generalities from this research such as "pupae are harder to c ontrol than are 
the other three IHe stages of these stored-product insects" and that "a 60% 
carbon dioxide (C022 concentration is more effective ag ainst mos t o f these 
speCies than is a g~ to 100% CO concent ra t lon". Are these generahza tlons

2
true for all of the major pest species? T h is paper attempts to deve lop some 
order in this. area by reviewing recent and chiefly unpublished research b y 
the author. An examination Qf the responses within and between species a nd 
life stages and their relationship to temperature, relative humi d ity and CA 
composition of these insec ts is presented. Shorte r e. p osure times are 
generally needed to control stored-product pests in fie l d situations t han 
would be expected from labo r a t ory results. Attempts a r e made to e xplain t he 
causes of this phenomenon, how it relates to the overa ll in formation trans fe r 
from · the laboratory to actual CA field applications and how the available 
laboratory data can logicall y be a p p lied in t he f ield. Future research needs 
are described on th e basis of t he info rm at i on containe d in this paper. 

INTRODUCTION 

Review papers on the e ffe cts of con trolled atmoph eres on s to red product 

pests were publi s hed by Bailey and Banks (1975 and 1980). In these pa pers 

the effective atmospheric g as compos i tions to control s ~ored-product insects, 

regardless of the practical a pplication in a field situation, were mentioned. 

Some authors have investigated rare atmospheres including helium (Aliniazee, 

1972) ·but the high cost of this gas would not make i ts ~se practical. Other 

authors have investigated either very low relative humidities (Lh.s) such a~, 

7 to 30%, or very hig h r.h.s such as 72 to 95% (jay, ~, 1971; Navarro, 

1978). These Studies are justifiable from a scientific standpoint and 

contribute to knowledge on the mode of action of controlled atmospheres (CA). 
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However, it is not a common practice to store grain at extreme humidity 

levels, so this information is again of little value to a practical storage 

insect control scheme. 

Bailey and Banks (980) concluded from the available literature that 

there are still gaps in our knowledge of the biological action of CA, that we 

need additional work on dose-mortality responses to various gas mixtures 

with particular emphasis on tolerant stages and species to provide a b a sis 

for an exposure schedule dependent on the temperature of the bulk to be 

treated; and that we need information on the interaction of high carbon 

dioxide (C0 ) atmospheres and temperatures.
2 

What is wrong with this overall research effort~' It can be seen from the 

above that, af':er years of study on the effects of CA on stored-product 

insects, little data has emerged which can be translated to field studies. 

Several economically important species such as Sitotroga a:1d Cryptolestes 

have been overlooked, and much of the research has been conducted with gas 

mixtures which would be economically impossible to produce in field 

situations. 

When CA is used to control stored-product insects many factors enter into 

the success of the treatment. Some of these factors are shown in Figure 1 and 

these factors will form the basis of this paper. 

The purpose of this paper is to contribute additional information to our 

current knowledge of storage insects in response to CA. Th e information 

reported is generally based on rece:1t research cond ucted by the author with 

Tribolium cas~aneum (Herbst), Oryzaephilus surinamensis (L.), Rh i zopertha 

dominic~ (F.), Sitophilus oryzae (L.), Sitophilus zeamais Motschulsky, 

Tro,goderma g l abrum (Herbst), Trogoderma ::.ar iab le (Ba ll i o n ) , and Es phestia 

cautella (Walked. The information presented here deals mai n ly wit h the 

effects of CO and to s ome extent nitrogen (N ) atmosph~res on these insec ts
2 2 

and does not consider t he effects of generated a tmospheres on the se pes t 

species. 

MATERIA LS AND METHODS 

Vlhen actually purging out a storage bin or structure to obt in various 

CO concentr'ations, the oxygen (02) concentrations usually present are shown
2 

in Table 1. 
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Table 1 - Approximate O concentrations found when purging with CO or2 2 
when mixing a given percentage of CO

2 
with air . .!.I 

% CO2 % °2 

45 

60 

75 

90 

99 

12 

8 

5 

2 

0.3 

II Balance of mixture will be nitrogen (N ) , argon and rare gases.
2 

ATMOSPHERE COMPOSITION 

AND CONCENTRATION 

8Y GRAIN 

SPECIES CONDITION 

LENGTH OF 
EXPOSURE .... 

INSECT " 

ADSORPTION OF 
... CO2 

'" INSECT AGE AND 

t 
INSECT LIFE STAGE 

Figure 1 Some factors a ffec t ing the treatme nt wi th 
controlled atmospheres to c ontrol stored-prod uct insects. 

This paper wi~l only be concerned with these conce n t rations of CO at">2 
50% r.h. unless otr.erwise noted. The exposure cha mbers used were sim ilar to 

those described by Jay and Cuff (1981). They consisted of 2.8-1 gla ss jars 
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that were partly submerged in laboratory water baths which could be heated 

or cooled to provide different temperatures for some studies . The jars were 

closed with metal screw-top lids fitted with 0.6 cm o.d. copper tubing that 

were used as gas inlet and gas exit tubes. The lids were also fitted wi th a 

neopre:1e stopper so a humidity sens or could be inserted. During the exposure 

the cages containing the insects were suspended in the chamber from a 5-cm 

length of steel wire hung from the underside of the neoprene S'copper holding 

the thermometer. 

The gas mixtures were released from the cylind.ers through two-stage 

regulators and flowed through a micron:etering valve and flowmeter into gas 

washing bottles that cO :l. tained the glycerol-water mi x t u re to adjust the r.h. 

of the gas. Flow rates of 200 cc/ min were used fo r the first hour and 30 

cc/ min for the balance of t he exposure periods. The r.h. was monitored with 

an elec tric hygrometer (model 15-2001 humidity indicator" and n arrow range 

humidity sensors, Hygrodynamics, Inc.), and the temperature was recorded 

daily by using the dial t he rmometers. A Fisher-Ha mil to n mod e l 29 gas 

partitioner equipped with dua l columns was used to measure the areas under 

the peaks. 

The effectiveness of the treatment for S. oryzae and R. dcrr.i:l.ica 

immature stages was dete rmined by dividing the totai number of adult insects 

·that emerged after treatment by the total n umber that emerged i n the con t rol 

and converting this to percent reduction in emergence (RI E) (Ja y , 1980a). 

RESULTS AND DISCUSSION 

Low temperatures 

Temperature is an important factor in the use of CA f Ot" in sec t control, 

as it is in con ve n tional fum ig a t io n. Howeve r , li tt l e research has been 

conducted at temperatu r es below 16°C on the e ffe cts of CA. Table 2 shows t he 
0

effects of 2 and :6°C on mixed age (1,2,3,4 and 5 week old) i mma ture life 

stages of .:?. oryzae and ~. dominica and shows that at 2°C the col d air alone 

was more effective than the two CA' s tested a fter a l-wk exposure against 

.:?. Oryzae but nOl against R. dominica where the 60% CO
2 

atmsophere was more 

effective. A 2-wk exposure at this temperature showed that t he cold air and 

99% N2 was more effective than 60% CO" against S. oryzae but 100% RlE of R. 

dominica could be achieved only with \he 60% C02~tmosPhere. At 16°C t~e 
effects of the air alone on both species was diminished, whereas R. dom m ica 

appears to be the more resistant than .:?. oryzae at this temperature. At this 

temperature 60% CO was more effective against both species than was 99% N2 .2 
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High temperatures 

Table 3 shows the effects of elevated temperatures on mortality of larvae 

of T. glabrum and 1.. ~ariabile when exposed to 61% and 99% CO
2 

at 33° and 

38
o

C. Although at 33
0 

C exposure to 99% CO
2 

for 48 h produced high mortalities 

in both species 100% mortality was obtained only for 1.. ~brum. However, at 

,'l8°C exposure to 99% CO for 24 h produced 100% mortality in both species,2 
while 61% CO was only slightly more effective at this temperature than it

2 
was at 33°C. 

Table 2 - Percent reduction in emergence (RIEl of adults for immature S . 

.::Eyzae (SO) and ~ dominica (RD) exposed for 1 or 2 wk to two low 

temperatures a t 55-60% r.h. 

g)* RD
Atmosphere lwk 2 \.;k 1 \oil< 2wk 

2°C 

Air 99 100 73 99 

60'/0 ~02 96 99 89 100 

99% N2 95 100 63 96 

16°C 

Air 67 B9 25 54 

60'/0 CO
2 

81 99 91 100 

9g'/o N 2 42 86 60 91 

" From Jay, 1980a. 
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Table 3 Mortality (%) of .!...:.. ~brum (TG) and .!...:.. variabi1e (TV) 

when exposed to two concentrations of CO at two
2 

temperatures and 50% r.h. 

Species Exposu re time (h) 61% CO . 99'J, CO22 

33°C 

TG 24 22 90 
TV 15 73 

TG 48 25 100 
TV 15 97 

38°C 

TG 24 21 100 
TV 16 100 

TG 48 32 100 
TV 31 100 

Ta ble 4 presents results of similar exposures of the pupae of the two 

Trogoderma species. Again it can be seen that at 33
0 

C 99% CO2 was more 

effective than 63% CO and produced nearly 100% mortality in both species
2 

after a 48-h exposure. An increase in temperature to 38°C reduced the 

exposure tim e for 100% mortality to 24 h for botil species when the insects 

were exposed to 99% CO
2 

. Increasing the temperature fron: 33 to 38°C had 

little e ffe ct on the effectiveness of the atmosphere containing 63% CO2 . 
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Table 4 - Mortality (%) of pupae of !.:. glabrum (TG) and ~ ~ariabile (TV) 

when exposed to two concentrations of CO at two temperatures and
2 

50"10 r.h. 

Species Exposure time (h) 63"10 CO 9<J1oC022 

33°C 

TG 24 30 92 
TV 22 87 

TG 48 96 100 
TV 64 100 

38°C 

TG 16 13 100 
TV 9 93 

TG 24 44 100 
TV 31 100 

Effects of temperature on three li.fe stages of the same species 

Table 5 presents res ul ts of exposures of larvae, pupae and a d ults of 

O. surinamensis to 77% CO at four temperatures and exposure periods of up
2 

to 10 days. One-hundred % mortality of larvae of this species was obtained 

after an exposure of 3 days at 160 C, after 2 days at 21 a and 27. ° C, and after 

1 day at 32°C. Adults of this species displayed s imil a r mo,tt a lit ies when 

exposed to this CO concen tration. Howeve F , it took 10 days to obtain 100%
2 

mortality of pupae of O. surinamensis at 16° and 21°C but only 3 days at 

27° a nd 32°C. 

Table 5 - Ti me in days required to obtain 100% mortality o f O. surinarr.ensis 

when exposed to 77% CO at diffe rent temperatures and 50% r.h.
2 

o
Temperature e Larvae Pupae AdL:lts 

16 3 10 3 

21 2 10 3 

27 2 3 2 

32 3 
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Species and life stage of stored-proouct insects 

When the results from Tables 3 and 4 are compared it can be seen that 

pupae of I....:. glabrum and I....:. .:::ariabile are more susceptible to the effects of 

61% (or 63%) and 99% CO than the larvae, except for 16 h exposure at 38°C2 
whereas Table 5 shows that pupae of 2.:. surinamensis are much more resistant 

to a CO treatment than are larvae and adults. These differences are found
2 

between closely related species (Trogoderma sppl and within the different life 

stage;;; of the same species (2.:. surinamensisl. However, a few comparisons are 

available from the existing literature on comparative studies between the 

different life stages of 2 species that were conducted under identical 

cond itions. 

A study directly comparing the effects of two CA's on the 4 life stages of 

T. castaneum and E. cautella was conducted in steel towers containing 

shelled peanuts (groundnutsl. These tests were conducted at ca 27°C and the 

rh in the bulk was ca 66%. Table 6 presents results of these studies. Eg gs of 

both species were controlled (100% mortality) in 2 days in an atmosphere 

containing 63% CO and in 3 days in a 99% N2 atmosphere. This table shows
2 

that it took more than 6 days to attain complete mortality ·of T. castaneum 

larvae . in the CO atmosphere while this level of mortality was obtained in
2 

,only 2 days when larvae of this species was exposed to the N2 atmosphere. 

Larvae of E. cautelka exhibited a reverse reaction to these two atmospheres 

and were controlled in 5 days in the CO atmosphere and in more than 6 days
2 

in the N2 atmosphere. Pupae of both species were controlled more rapidly in 

the N atmosphere than in the CO atmosphere while E. cau!ella pupae was
2 2 


more sensitive than T. castaneum pupae. 


Table 6 - Time in days required to obtain 100% mortality of all life stages of 

T. castaneum (TCA) and E, cautella ( ECl when exposed to two 
o

atmospheres at 27 C and 66% r.h. 

Li fe Stage Speci es 
6]% CO

2 
!'5ays 

9g'j, N2 

Days 

Eggs TCA 
EC 

2 
2 

3 
3 

Larvae TCA 
EC 

greater than 6 
5 

2 
grea t er than 6 

Pupae TCA 
EC 

5 
3 

4 
2 

Adul t s TCA 
EC 

4 
2 

3 
2 
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2 

Adults of 1:...:. castaneum were completely controlled in 4 days in the 

CO atmosphere and in 3 days in the N2 atmosphere while adults of E. 

cautella were controlled in 2 days in both atmospheres. 

Relative humidity 

The response of 3 life stages of!.;. castaneum to 66% r.h. (from toe data 

on peanuts reported above) and to 50% r.h. (Jay and Cuff 1981) a("e compared 

in Table 7. These r.h.'s are in the range of conventional grain storage 

practice. Table 7 shows that after 48 h exposure mortality of larvae and 

pupae is much higher at the lower r.h. while there is no significant 

difference between adult morta:ities recorded at two r.h.'s. After 72 h, 

mortality of larvae and pupae remained markediy higher at 50% than at 66% 

r.h. but mortality of adults at 50% are close to those reco~'ded at 66% r.h. 

Table 7 - Mortality (%) of 3 life stages of !.;. castaneum when exposed to ca 

60% CO at 50% and 66% r. h. for 48 and 72 h.2 

48 h 72hLi fe Stage 5Qi~~: tio% 5()'~ 00% 

Larvae 48 20 80 53 

Pupae 89 46 99 81 

Adult 96 94 99 98 

* FrO!l1 Jay and Cuff (1981). 

Effect of CA composition 

Jay (1971) stated that a 6 0% CO
2 

concentration at or · above 27°C was 

adequate for controlling most stored product insects in a 4-day exposure 

period. This statement was based on unpublished laboratory studies described 

below. However, from data already presented (ie Tables 3 and 4) it can be 

seen that c;ome species and life stages respond much faster to h igher CO2 
concentrations than they do to those around 60"ib. 

Table 8 shows the time required to obtain 100% mortality of larvae, 

pupae ~ and adults of Q..:. surinamensis exposed to four CO
2 

concentrations at 

four temperatures. This tab l e shows that there is a dramatic d ifference in the 

time r..equired to attain 100% control of these life stages at 16
o 

and 21
0 

C when 

the CO2 concentration is raised from 91 to 98%. At 9 1% CO at these two
2 

temperatures, it takes 10 days to obtain 100% mortality; at 98% CO it only2 
takes 3 days to attain this level of control. This d i fference is n ot so 
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pronounced at 270 and 320 C; however, time required to obtain 100% mortality 

drops from 2 days to 0.7 days at 320 C when the CO
2 

concentration . is 

increased from 91 to 98%. 

Table 8 - Time in days to obtain 100% mortality of larvae, pupae and adults 

of ~ surinamensis when exposed to four CO concentrations a t four
2 

temperatures and 50% Lh. 

Te~erature  °c 
% CO

2 16 21 27 32 

62 10 10 4 4 

77 10 10 3 3 

91 10 10 3 2 

98 3 3 2 0.7 

Table 9 presents . data . on the· effects of four h igh CO concentration
2 

'atmospheres on l:. glabrum and T . .:::ariabile larvae and pupae at 36°C, In 

most cases there is a gradual increase in mortality as the CO concentration
2 

is increased from 61 to 89%. However, there is again a large increase in 

mortality when the CO concentration is increased from 89 to 99:~ ,2 

Table 9 - Mortality (% l l:. ~brum and ~ variabile larvae and pupae \o/ i-J.en 

exposed for 24 h to four CO concentrations at 36°C and 50% Lh.
2 

% Mortal i ty 
% 

T. ~labrum T. variable 
CO

2 Larvae Pupae Larvae Pupae 

61'" 21 44 16 31 

i6 37 49 23 45 

89 42 61 20 67 

99 100 100 100 100 

"Pupae were exposed to an atmosphere containing 63% CO ,
2 
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Jay and Cuff (1981) also presented data on the effects of 58 and 97% 

CO2 atmospheres on three life stages of T. castaneum. This data is 

summarized in Table 10 and shows that there was less marked difference 

between these two atmospheres on larvae and pupae when compared to the 

response of the adults. 

Table 10 - Mortality of three l ife stages of I:. castaneum when exposed to two 
o

CO atmospheres at 27 C and 50% r.h.2 

% Mortali tyLife Stage Exposu re time (h rl 

Larvae 72 80 99 

Pupae 72 99 100 

Adults 24 28 100 

* From Jay and Cuff (1981). 

The data from Tables 8, 9, and 10 are a ll based on the effect of 

different CO concentrations on species which feed externally while Table 11
2 

presents data on R. dominica and ~ ~amais, which are internal feeders. 

These insects were exposed at 27°C and 43% r.h. as 1,2,3, 4 or 5 week-old 

immatures for 1, 2, 3 or 4 days to the CO concentrations indicated in Table
2 

11. The data in this table are from a statistical analysis of the individual 

degree of freedom of counts of adult emergence (as compared to controls 

exposed in a irl resulting from these tests. 

Table 11 - Mean number of adults that emerged from immatures exposed for 1, 

2, 3 or 4 days to fi ve atmospheres at 27°C and 0 % r.h. 

Atrrosehere % R. dominica S. zearrai s 

Air 70.7 22.6 

39 C?2 30.4 14.9 

48 CO
2 

17.1 9.4 

99 CO2 
14.5 8.9 

60 CO
2 

9.7 5.8 



504 

The data in Table 11 shows that as the CO concentration is increased
2 

from 39".4> to 48% the number of emerging adults decreases. However, when the 

number of adults emerging from 99% CO is compared to those emerging from
2 

those exposed to the 60% CO the number emerging in the later atmosphere are2 
less than those emerging from the former atmosphere. 

These data on R. d ominica and S. zeamais were used as a background 

for the 60% CO control regime recommended by Jay (1971). This regime is2 
inadequate for species such as I..:. ~brum and I..:. variabile which cannot be 

successfully controlled with 60% CO
2 

, Also, 0. surinamensis and some life 

stages of I..:. castaneum are controlled more rapidly by CO
2 

concentrations 

approaching 100% than they are at CO concentrations of ca 60%.
2 

Translating laboratory studies to field use 

Generally, when a field test using CO is conducted on infested grain
2 

higher mortality is obtained in the natural popu l at ion than would be expected 

from la bor atory studies. This can be seen in the field test repor ted by Jay 

and Pearman (1973) where a 4-day treatment at a CO concentration of ca 60%
2 

of 958 kl of -maize resulted in 99.9% control of a natural population of 

Sitophilus spp (probab l y most were ~ zeamais). This infested maize had a 

higher m.c. (11 to 16% m.c. or c.a. 55 to 80% r.h.) than did the infested 

maize used in the laboratory tests with S. zeama.is (Table 11) and a lower 

mean temperature of 20.7
0 

vs 27°C for that used in the laboratory tests. This 

99.9% control can be com pa red to 74 .4% control obtained in the laboratory 

studies (% taken from the data used to prepare Table III and would not b,' 

expec ted based on the hig her r.h.'s and lower temperature encountered in the 

fie l d study. 

Th e pOSSible reaso ns for the difference betwee n ( tOle degree of control 

obtained in the labora to ry a nd that obtain e d in the fi eld could be due to the 

techniq ue used in the labot' atory whe re, at the e nd of the expo s ure, the 

insects are immediat ly removed from the CA exposure container and 

tran sferred to another container for post-exposure observations in a normal 

a tmosphere. This prac tice probabl y causes a rapid desorption of t he CO2 
absorbed during the exposure. In field situations th e grain may not be moved 

or aerate d for several days or weeks after the t reatment is conclude d, and 

there would be a gr dual desorption of the CO from the grain into the
2 

surrounding a tmosphere. The speed of ;: his desQt'ption would b e, of course, 
-, 

dependent on the tigh tness of the storage vessel that had been treated. 

Concentrations of CO b el ow 35% can be ef fe ctive in prov iding continued
2 

control of stored-product insects. I n l aboratory s tu di es on the effects of 5% to 

25% CO concentrations. 25 ~ oryzae adults were confined on lOOg of wheat
2 

http:zeama.is
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2 

for 24 h before they were exposed for periods of 15 or 30 days. These tests 

were conducted at 27
o

C and 60% rh and post-exposure readings were made fqr 

4-weeks after the insects were removed from the tested atmospheres. 

Table 12 shows that when insects were exposed for 15 days to :5% 

CO there was a 39"h RIE but only a 1% RIE was obtained with the insects 

exposed for 30 days to this atmosphere. Increasing the CO concentration to
2 

15% resulted in a 89% RIE after a 15-day exposure and 7:5'10 for the 30-day 

exposure. Exposures to the atmospheres containing 20 and 25% CO resulted in
2 

almost 100% R I E for both exposure periods. 

Table 12 - Mean number of adults that emerged and % reduction in 

emergence (Rl E) of 2.:.. oryzae after a 15 or a 30 day 

exposure to indicated CO2 concentrations at 270 C 

and 60% r.h. 

Exposure: 
15 Days 30 Days 

Time ~iUll'ber % RIE Number % RIE 
% CO .of adults of adu, t s 

2 

0.1 (Ai r) 720 1,004 

5 436 39 998 l 

10 305 50 559 44 

15 79 89 274 73 

20 19 97 34 97 

25 10 99 4 99 

The design of these tests, which only included adults at the beginning 

of the exposures indicates that these low CO atmospheres may be controlling
2 

only eggs and/or young larvae and possibly some of the original adults at 

the 20 and 25% CO concentrations.
2 

These studies show that atmospheres above 10 or 15% CO give a high
2 

degree of control. Certainly, these are the type atmospheres encountered in 

the gradual desorption of CO by the grain and this gradual desorption
2 

cond.nues to give control after the treatment .has been terminated. 
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Condition of the insect 

We have shown that insect life stage is an important factor in the length 

of time required for a given CA composition to produce adequa~e control of .a 

species. Other factors that also play an impor-tant role is the condition o f the 

insect and the availability of food. Table 13 presents data on the 

simulataneous exposure of normal and quiescent larvae of l:. ~brum to four 

CO atmosphere. The quiescent larvae were obtained by crowding them without
2 

food for 30 days _prior to exposure. During a 48h exposure at 320 C the 

quiescent larvae were not as affected by atmospheres containing 60, 75, or 

90",4, CO as were the normal larvae but when they were exposed to 99% CO2 2 
they exhibited the same response (100% mortality) as the normal larvae. 

Table 13 - Mortality (%) of normal and quiescent l:. ~brum larvae when 

exposed to four CO atmospheres for 48-h at 32°C and 49% r. h.2 

"/£02 
% Mortal i ty 

Normal Quiescent 

60 39 16 

75 47 28 

90 94 52 

99 100 100 

CONCLUSIONS 

Table II, if prese nted in its entirety, would show the e ffe c t s o f 8 CAs 

(and air) on 2 species of stored product insects and f:ould be expanded to 

show the individual effects on I, 2, 3, 4 and 5 week old immatures of th ese 

insects. These studies a s they now stand have s t a tistically 479 total deg rees 

of freedom for each species and are probably two of the most complete 

laboratory studies ever conducted in this area. However, this research was 

conduc ted at only one temperature and one r.h. and the effects of the 

atmospheres on eggs and adults was not considered. Also, the exposure times 

tested were not long enough to achieve data on 100% mortality. A complete 

laboratory study on the se or any other species shouid include exposure at 

several temperatures and relative humidities and the length of exposure 

should be expanded until complete mortality is obtained. There is a need for 

data such as this for each of the economically important stored-product 
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insects. ~!ore research is needed on the mode of action of CA on the insect at 

the several concentrations recommended for use in actual field situations. 

Adsorption and desorption of CO by grain should be' studied further,
2 

particularly as it relates to the immature insects feed:.ng inside the ~ernel. 

Additional research is also needed on the effects of CA on diapausing' or 

quiescent stages of stored-product insects. When this information is obtained 

it should be translated into a format to be used by industry in a practical 

manner to achieve effective control in the field. 

The knowledge available at the present time provides some guidelines for 

treating gr a in with CO in grain or oilseed storage bi n s or silos in a g rain
2 

marketing system like the U.S.A. employs. If the g rain to be treated is at or 

below 14% m.c. and at or above 27°C and if it does not contain Trogoderma 

spp. ~hen a concentration of ca. 60% should be attained and maintained for 5 

to 6 days if it is infested only wi th in~ernal feeders. If external feeders are 

present a concentration as near to 100% CO should be maintained for this
2 

period. Grain below 27°C and/or having a high m.c. or inf e sted with 

'Trogoderma should be treated for longer periods to obtain satis factory 

control. Grain infested with species which have li ttle or no research 

conducted on them, such as Sitotroga and Cry ptolystes spp, should b e treated 

in a similar manner and carefully s ampled after treatment to dete rmine t he 

degree of control obtained. 

The research necessary to eliminate the current inconsistencies and to 

provide a compiete overview for the use of CA for stored-p~od uct insect 

control may have been brought up to date by this data. However, this 

research should be comp leted so that this contro l technique can become a 

viable alternative to con vent i o na l , residue-producing ch emical fu miga tion. 

ACKNOWLEDGEMENTS 

The author wishes to ackn owledge the as si stance of G" C Pearman, Jr. of 

AR S , USDA, Stored-Product ln s ects Re search and De velopmen t Laborato ry, 

Sa vannah, Georgia, U.S.A., in the actual conduct of the laboratory phase of 

this research and Dr S. Navarro, Agricultural Research Organizat ion, 

Bet-Degan, Israel for his constructive criticism of th e manuscript. 

This research was suppor te d i n part by BARD Gra nt 1-303-80 and by funds 

from- the U.S. Department of Agriculture, Animal and Plant Health Inspec t ion 

Se r vice, Ho boken, N.J., U.S .A. 

http:feed:.ng


508 

REFERENCES 

Al iNiazee, M. T., 1972. Susceptibility of the confused and red flour beetles to 

anoxia produced by helium and nitrogen a t various temperatures. J. 

Econ. Entomol., 65: 60--{i4. 

Bailey, S.N. and Banks, H.J. 1975. The use of controlled atmospheres focthe 

storage of grain. Proc. 1st Internat. Working Corif. Stored-prod. 

Entomol., Savannah, GA. USA. (1974) pp. 362-374. 

Bailey, S.N. and Banks, H.J. 1980. A review of recent studies of the effects 

of controlled atmospheres on stored product pests. In: Controlled 

Atmosphere Storage of Grains (Ed. J. Shejbal). 101-l18. 

Jay, E.G. (1971). Suggested conditions and procedures for using carbon 

dioxide to control insects in grain storage facili ties . USDA ARS 51-46, 

September 1971. 6 pp. 

Jay, E.G. 1980a. Low temperatures : Effects on control of Sitophilus oryz ae 

(L.) with modified atmospheres. In J. Shejbal (ed.) Proc. Int. Symp. on 

Controlled Atmosphere Storage of Gr atns. Elseiver. pp 65-72. 

Jay, E.G. 1980b. Methods of applY: '1g carbon dioxide for insect control in 

stored grain. USDA, SEA, Advances in Agricultural Technology, Southern 

Series, S-13. 7 pp. 

J.ay, E.G. and Pearman, G.C., Jr. (1973). Carbon dioxide for con t rol of an 

insect infestation in stored corn (maize) . J. Stored Prod. Res. 9, 25-29 . 

Jay, E.G. and Cuff, W. 1981. Weight loss and morta l ity of three life stages of 

Tribolium castaneum (Herbst) when exposed to four modified a;msopheres. 

J. Stored Prod. Res. 17, 117-124. 

Jay, 	 E.G., Arbogast, R.T. and Pearman, G.C., Jr. ( 1971). Rela t i. ve humidity: 

I t s importance in th e control o f stored-product insec ts with modified 

atmospheriC gas con centrations. J. Stored Prod. Res. 6,325-3 29 

Navarro, 	 S. 1978. The effects of low oxygen tensions on t hree stored-product 

insect pests. Ph ytoparasi tica. 6, 51-58. 

http:Relati.ve



