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Abstract

Over the last 70 years, laboratory studies have shown the potential
of controlled atmospheres as a method of killing insects in stored grain.
These studies contain much data on the lethal effects of controlled
atmospheres. This review seeks to integrate these diverse data sets
and explore their combined value as a sound basis for setting dosage
schedules for commercial controlled atmosphere treatments. Wide
variation in the methods of obtaining and reporting the original data
preclude the use of conventional statistical method for data analysis.
Accordingly, a simple descriptive method of graphical presentation has
been used. This illustrates the relationship between mortality,
exposure period, oxygen concentration and carbon dioxide concentration
and allows some assessment of the reliability of the data for various
life stages of several species of insects commonly found in stored
grain. Provisional dosage schedules for various types of controlled
atmospheres based on the observed relationships are given. These
schedules are slightly more exacting than those previously recommended
and will themselves probably require further refining as more detailed
and reliable data become available.

Introduction

Controlled atmospheres have undergone considerable investigation
as a means of insect control in stored, relatively dry, cereal grains,
both in the laboratory and in the field. Most of this work is reviewed
in the proceedings of two international symposia on controlled
atmospheres [1], [2]. Although researched and successfully tested
at various times in this century, controlled atmospheres have gained
only very limited commercial acceptance.

There are many reasons for the lack of commercial acceptance.
This paper discusses a factor influencing two of these reasons, i.e.,
high cost and unknown reliability, namely a better understanding of the
relationship between insect mortality and controlled atmosphere dosage
which is required to minimize the cost of treatment and to maximize its
reliability.

The cost of controlled atmospheres is high when compared with
phosphine, the most commonly used fumigant. It is, therefore, essential
to reduce cost by using the smallest applied dosage consistent with a
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high degree of insect control. Finally the usefulness of any pest
control procedure is much enhanced if it is known to be reliable.

Before a reliable treatment schedule can be proposed, it is
necessary to have an understanding of the relationship between exposure
period and mortali ty. This is especially important for one commonly
practiced implementation of controlled atmospheres in which the grain
remains sealed against reinfestation after treatment and cannot be
easily inspected.

Dosage regimes have been proposed for various types of controlled
atmospheres, Jay [3], [4] for high levels of C02 in air, Banks et al.,
[5] for falling C02 concentrations in air, and Banks and Annis [6]-ror
low oxygen atmospheres produced by the addition of nitrogen. Such
proposals are based on the results of several investigations carried
out over a wide range of experimental conditions. The derived regimes
have then been used as a basis for the current limited commercial
usage.

While the specified regimes were generally effective in the field,
live insects have been occasionally been found after treatment [5], [7].
It is not possible to decide if these insects were due to inadequate
dosage or reinfestation, but this apparent survival casts some doubt on
the currently used schedules. Existing reviews of data [8], [9] on
dosage/mortality relationships for controlled atmospheres are inadequate
to assess the reliability of the various recommendations, and
consequently to help understand the reasons for treatment failures.

To establish the minimum reliable dosage regimes and to assess the
amount of variation in concentration acceptable for a treatment, it is
necessary to conduct systematic laboratory investigations of the dosage/
mortality relationship, followed by formal statistical analysis. These
investigations should cover the wide range of conditions that are
likely to be found in commercial practice. However, because of their
complexity, such investigations are not practicable for either a single
worker or any small group of workers. The enormity of this task can be
illustrated by the following approximation. There are approximately 20
species of insects and mites commonly found in grain storages, each with
four developmental I stages. To determine a time/mortality relationship
requires at least four appropriate exposure periods, a concentration/
mortality relationship requires four concentrations of both carbon
dioxide and oxygen gas in appropriate ratios for the three main types
of atmosphere (C02 addition, N2 addition, and burner exhaust, typically
12% C02 and balance nitrogen).

Treatments are also needed with at least four appropriate
temperatures, between 15 and 35°C, and at three grain moistures/relative
humidities. All treatments need replicating at least three times and
an equivalent number of control treatments are required. At least 1000
insects are needed in each treatment to obtain an assesment of 99.9%
mortality. All these insects must be counted, at the very least twice,
once before and once after treatment. This alone requires a minimum of
about one million individual treatments and counting 109 insects. These
numbers do not include consideration of possible variation between
strains and within stages.
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Accordingly, it is important to use and assess as much as possible
of the information already obtained. Both to find and use that which
is reliable and to define where more knowledge is needed and effort can
be placed most productively.

There are about 100 papers that present a significant amount of
numeric information on the effects of controlled atmospheres on about
25 species of stored product insect. This information is presented
in a range of forms, varying from raw data to the results of probit
analysis. It has been obtained using a wide range of extremely different
experimental techniques both in the laboratory and field. Important
items of information are frequently absent, for example, the number of
insects used, the temperature or moisture content.

To make it useful it is necessary to integrate the existing data
into a single data set, and to present the integration in a form that
makes available the information needed to establish and assess dosage
regimes. A method of achieving this is described below.

The Data Set

The data were derived in various ways depending on the manner
originally reported, the simplest of these was where a complete set of
original data was presented. This complete set was: species used,
developmental stage, concentration of all gases present, the time of
exposure, the number of insects used, either the mortality corrected
for control mortality or the observed mortality and control mortality,
temperature and relative humidity. In the majority of cases the data
set was complete and used as reported.

One batch of observations [10] is from current, and as yet
unpublished, treatments of S. oryzae with 100, 95, 65, 40 and 20% C02
in air at 25°C and 65% RH. itlthese experiments a total of approximately
1000 adults, pupae, larvae, and eggs were treated on grain purged
continuously with a low flow rate of gas at fixed concentration.

System for data description. The method of presentation used is
designed to integrate data, from a diverse provenance. It has the
limitation that it describes only the data set observed and if the set
is small the description may be significantly altered by the addition
of new observations. On the other hand, if the data set is large it
should not be radically changed by the addition of further observations.
Formal statistical analysis of this data is not appropriate because of
the heterogeneous nature of the data.

To produce the description a set of a priori assumptions are needed.
These assumptions are designed to be a convenient standard frame-work
for a description of the relationship between concentration of a gas and
the time taken to obtain a defined mortality. Three sets of assumptions
are needed, i.e., data approximations, boundary assumptions and
interpolation assumptions.
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Defaults and approximations

Where individual data items were either missing or expressed in a
different form to the nominal data set, it was necessary to recreate an
approximation to the original data. This was done on the basis of the
information provided by the author or from data that had appeared
subsequently to original publication.

Species. These were all as originally described except for [11],
where the species was described as "Calandra (=Sitophilus) oryzae (large
strain)" but is now known as Sitophilus zeamais [8]. A full list of
species considered is shown in Table I.

TABLE I. Species with controlled atmosphere data on relationship between
concentration, time and mortality all the temperature range 20
to 29°C.

Acanthoscelides obsoletus Say
Amyelois transitella Walker
Callosobruchus chinensis (L.)
Carpophilus ligneus Murr.
Cryptolestes ferrugineus (Stephens)
Cryptolestes pusiluss Sconkerr
Ephestia (=Anagasta) kuehniella Zeller
Ephestia (=Cadra) cautella (Walker)
Lasioderma serr1corne (Fab.)
Oryzaephilus mercator (Fauvel)
Oryzaephilus surinamensis (L.)
Plodia interpunctella (Huebner)
RhYZOPertha dominica (Fab.)
Sitophilus granarius (L.)
Sitophilus oryzae (L.)
Sitophilus zeamais Motschulsky
Sitotroga cerealella (Oliver)
Tenebrio molitor L.
Tribolium cataneum (Herbst)
Tribolium confusum Jacquelin du Val
Trogoderma glabrum (Herbst)
Trogoderma granarium Everts
Tyroglyphus farinae = Acarus siro L.
Tyrophagus putrescentiae (Schrank)

Stage. These were all as designated by the author. Where
developmental stages were split into ages all were grouped into a
single stage. Where the insects were either described as "all ages" or
"immature" the data was not included in the description of the reponse
of any stage.

Gas composition. The gases used included C02, 02, N2' and He.
Wherea percentage of carbon dioxide alone was mentioned the balance
was assumed to be air with a ratio of N2:02 of 0.79:0.21, this ratio was
,also assumed where the balance was stated to be air without mention of
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composition. For the purpose of this description concentrations were
grouped into classes of 2% carbon dioxide (or 0.1% oxygen).

Exposure period. Exposure periods were all converted to the
nearest half day, an appropriate unit for practical treatments, this
unit was also used as the basis for time classes used for grouping
data. Where periods where originally presented only as a regression
equation or as LTSO and LT9S, other periods were estimated on the basis
of the observer's reported method. Where an equation only was given,
four approximately equally spaced periods were calculated between a
mortality of the reciprocal of the number used, and a mortality of one
less than the number used divided by the average number used.

Number used. This number was usually given in the original paper,
however, when-nQt recorded it was assumed that 100 were used. This is
both close to the modal number used and a conservative estimate of the
grand average and unlikely to bias the result severely.

Mortality. Where a mortality corrected for control mortality was
given, this was used. Where not given, but where a control mortality
was given, a corrected mortality was obtained using Abbot's correction.
In those cases where no control mortality was given the observed
mortality was used uncorrected. Where only LTx or LDx figures or a
regression equation were given the algorithm to derive exposure periods
was used (described above).

Mortality for any time/concentration class in the final description
was calculated as the number dead in the accumulated time/concentration
class divided by the total number used in that class. To avoid problems
during probit transformation and interpolation, minimum mortality was
defined as the reciprocal of the average number used. The maximum was
defined as one less than the average number used divided by the average
number used.

Temperature. The reported temperature or mean temperature was
used, where provided. If the temperature was reported as a range the
arithmetic mean of the range was used. If there was no repoFted
temperature and no reason to believe it was excessively high or low
a temperature (2S.5°C) close to the mean of the data from all
observations.

Relative Humidity. This was the least reported p~rameter. It could
occasionally be derived from the equilibrium moisture content of the
culture medium used. Otherwise it was assumed to be 65% RH, a convenient
figure close to the average for all observations.

Boundary assumptions

The boundary assumptions define the response expected at the edges
of the descriptive matrix. They were as follows:

1. At an exposure period of zero days, for all concentrations,
mortality equals zero. Zero mortality in this case being
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defined as being equal to or less than the reciprocal of
the average number of insects used at each observation.

2. At gas concentrations equal to zero dosage (0.0% for
carbon dioxide, 21.0% 02 for low oxygen), mortality for
all times equals zero.

3. If for any given concentration the mortality at the
longest exposure observed exceeds 95%, all observations
from that point on will have at least that mortality.

Interpolation assumptions

The interpolation assumptions given below define the values between
observed points.

1. Interpolation was based on a linear relation between
probit of mortality with both time and concentration,
(the most common model used in the reviewed papers)•

2. Interpolation was carried out in steps. Short intervals
first, then progressively longer intervals. Inter-
polating, for each size step, was done first on the time
axis, then on the concentration axis.

Data presentation

A series of 50% and 95% equimortality curves was produced from the
interpolated data for each species and stage. There was inadequate
data outside the 20 - 29°C range for any conclusions to be drawn other
than those stated by Bailey and Banks [9]. In oxygen deficient
atmospheres, time to death increases as temperatures decrease.
Discussion in this paper will be limited to results obtained in the
temperature range (20 - 29°C), at relative humidities in a range from
10 to 95%.

Examples of the grouped data which forms the basis of these plots
is shown in Figs 1 and 2. Examples of the equimortality plots themselves
are presented in Figs 3 and 4. Results were extracted from these
plots for a range of potentially useful oxygen and carbon dioxide
concentrations. The full set of extracted values are shown in Tables
II and III.

Discussion

Oxygen deficient atmospheres. Most of the data on oxygen deficient
atmospheres was restricted to oxygen of 1.0% or less. These atmospheres
were produced either by the addition of pure nitrogen, pure carbon
dioxide, pure helium or burner exhaust gas (approximately 12% C02,
balance N2). Limited comparative studies with the three gases helium,
nitrogen and carbon dioxide [11], [12], [45] show that in the absence
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Fig. 1
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Examples of the grouped data used as a basis for equimortality
plots of the joint effects of carbon dioxide concentration and
exposure period. Oxygen to nitrogen ratio close to that in
air, temperatures 20 - 29°C. Mortality levels: > 95% • ;
50-95% _ ; < 50% - •
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Fig. 2 Examples of the grouped data used as a basis for equimortality
plots for concentrations of low oxygen concentrations and
exposure period. Carbon dioxide concentrations < 20%,
temperatures 20-29°C. Mortality levels: > 95% • ; 50-95% _ ;
< 50% _ •
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TABLE II. Approximate time in days to obtain at least 95% mortality
using various concentrations of carbon dioxide with the
balence being oxygen and nitrogen within 5% of the proportion
found in normal air 21:79. Temperature range 20 to 29°C.
Times marked * do not have a unique value and have been
selected by eye.

% carbon dioxide
Species stage 20.0 40.0 60.0 80.0 100.0 references

A. obsoletus a < 3.0 [63]
c:- cautella (see E. cautella) [12]
c:- chinensis e 8.5 4.5 < 3.0 [13]
c:- chinensis 1 24.5 10.0 *10.0 [13]
C. chinensis p 16.5 11.0 >11.0 [13]
c. ferrugineus a <13.0 < 4.0 < 3.0 < 2.0 [14]
~ ligneus 1 < 2.0 [22]
~ ligneus a < 1.5 [22]
E. cautella e 2.2 [12][15]
E:"" cautella 1 < 5.0 1.5 [12] [16]
E. cautella p < 3.0 2.0 [12] [16]
E:"" cautella a < 2.0 .5 [12] [16]
E:"" kuehniella e < 1.5 [15]
E:"" kuehniella 1 < 1.5 [17][22]
L. serricorne e < 2.0 < 1.0 5.5 [18]
C serricorne 1 5.0 3.0 3.0 [18]
L. serricorne p 6.0 4.0 3.5 [18]
C serricorne a 2.0 1.5 2.0 [18]
~ mercator e 2.5 [12]
0:- mercator 1 1.5 [12]
~ mercator p 2.5 [12]
0:- mercator a .5 [12]
~ surinamensis a >14.0 <14.0 < 3.0 < 3.0 > 1.0 [19][14]
P. interpunctella e 2.5 3.0 [20]
~ interpunctella 1 > 2.0 > 1.5 1.5 [21] [20] [22]

[23]
~ interpunctella p < 3.0 < 3.0 < 3.0 < 3.0 [22][24]
~ interpunctella a < 7.0 < 7.0 < 7.0 [25]
R. dominica e > 4.0 [26][27]
L dominica a 7.0 4.0 1.5 < 1.5 2.0 [26][28][29]

[30]
S. granariu8 e 9.5 [31]
S. granariu8 1 9.0 [31]
S. granarius p 17.8 [31]
S. granariu8 a >20.0 6.5 6.5 2.5 5.0 [32] [28] [29]

[33] [17] [31]
[34][14][35]
[36]

~ oryzae e *15.5 4.5 3.5 3.5 7.5 [16] [31] [37]
[10]

~ oryzae 1 >14.0 > 7.0 3.0 2.0 7.0 [31][37][24]
[10]

~ oryzae p >14.0 8.5 6.0 * 8.5 20.0 [31] [37] [10]
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TABLE II (continued)

Species
% carbon dioxide

stage 20.0 40.0 60.0 80.0 100.0 references

4.5 [28][29][33]
[38][17][31]
[37][39][30]
[24][10]
[11]
[26][40][16]
[41][42][12]
[25][43][44]
[40][16][41]
[12]
[43][44][40]
[16][41][12]
[26][25][45]
[43][21][46]
[44][32] [40]
[16][28][41]
[38]
[40][41]
[40][41]
[40][41]
[46][40][28]
[47][29][41]
[38][22][30]
[24]
[24][48]
[32][49]
[32][49][12]
[22]
[49][12]
[32][49]
[62]
[62]
[62]

S. zeamais
T. castaneum

T. castaneum

T. castaneum

T. castaneum

T. confusum
T. confusum
T. confusum
T. confusum

T. glabrum
T. glabrum
T. granarium
T. granarium

T. granarium p
T. granarium a
~ putrescentiae e
T. putrescentiae 1
T. putrescentiae n

a * 7.0 1.5 1.0

2.0

4.0

3.0

2.5
1.5
6.5
1.0

3.0

The values in the Table are of four types; an unqualified number
indicates that the 95% equimortality line passes through the time
class centred on the reported value. "C" means that the shortest
time with observation had a mortality of greater than 95%. ">"
indicates that at the longest time observed 95% mortality was not
reached. "" indicates that it was impossible to obtain a value
using interpolation.

a *<14.0 <14.0
e > 4.0 2.0 < 2.0 < 2.0 * 2.5

1 >16.5 16.5 < 7.0 < 7.0

p 3.0 < 5.0

a > 5.0 >14.0 3.01.5

e
1
p
a 9.0 3.5 2.03.0

a < 3.0 < 3.0 < 3.0 < 3.0
1 < 3.0 < 3.0 < 3.0 < 3.0
e 14.0 3.0
1 >25.0 >25.0 >25.0 *16.0 *11.5

13.0
5.5
2.5

5.0 3.5

> 5.0
0.5
0.5
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TABLE III. Approximate time in days to obtain at least 95% mortality
using various concentrations of oxygen. Temperature range
20 to 29°C. Times marked * do not have a unique value and
have been selected by eye. Observation marked ** the data
does not form an easily interpreted pattern.

Species stage 0.0
% oxygen
1.0 2.0 3.0 references

A. transitella
A. transitella
A: transitella
A: transitellac: cautellac: ferrugineus
c: ligneusc: ligneus
c: maculatusc:- maculatusc: maculatusc:- maculatusc: pusiluss
E: cautella
E: cautella
E: cautella
E: cautella
E: kuehniella
'():"mercator
0:- mercator
0:- mercator
0:- mercator
'():"surinemansis
P. interpunctella
~ interpunctella

e < 1.5
1 < 1.5
p < 1.5
a < 1.0
(see E. cautella)
a < Z:-o
1 > 6.0
a < 1.5
e 2.5
1 5.0
p 6.5
a 1.5
a 2.5
e 1.5 1.5
1 1.0 0.5
p < 2.0 1.0
a 0.5 0.5
1 < 1.5
e 2.0
1 1.0
p 2.0
a .5
a < 1.0
e 1.5 3.0 3.0
1 1.5 > 4.0 > 4.0

~ interpunctella p 3.0
P. interpunctella a 1.0
~ dominica e
~ dominica a 2.0
~ cerealella a < 1.0
~ cerealella 1s:cerealella p
~ cerealella a
~ granarius e 9.0
~ granarius 1 4.5s:granarius p 8.5
S. granarius a 5.0

S. oryzae
S. oryzae

3.0 6.0
< 7.0 12.5
> 4.0
> 4.0 > 4.0
1.0
3.5
4.5
1.0

16.0 17.0

e 9.0 < 7.0 < 7.0
1 ** ** **
p 20.0 >14.0 >14.0
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> 4.5
> 4.0

> 7.0
>14.0

> 4.0

>17.0

14.0
**

>14.0

4.0

[50][51]
[50][51]
[50][51]
[50][51]
[12][52]
[14]
[22]
[22]
[53]
[53]
[53]
[53]
[54]
[12][15][52]
[12][25][21][52]
[12][16][52][55]
[12][16][52]
[22]
[12]
[12]
[12]
[12]
[16][56][57][14]
[20][52]
[21][20][22][52]
[23]
[22][52][24 ]
[25][56][52]
[26]
[26][57][30]
[56][52]
[52]
[52]
[52]
[31]
[31]
[31]
[33][17][31][57]
[58][34][14][30]
[59][36]
[31][58][37][10]
[31][58][37][24]
[10]
[31][58][37][10]



TABLEIII (continued)

% oxygen
Species stage 0.0 1.0 2.0 3.0 references

~ oryzae a 4.5 * 8.5 *>21.0 >21.0 [33] [38] [17] [31]
[57] [58] [37] [30]
[55][24]
[54][10]

S. zeamais e < 7.0 < 7.0 [11]
S':" zeamais I 14.0 >13.0 [11 ]

S. zeamais a 2.0 11.5 14.0 [56][11]
T:" castaneum e 2.5 1.5 3.0 4.0 [26] [60] [40] [16]

[42][12]
T. castaneum I 1.5 6.5 >14.0 >14.0 [25] [44] [60] [40]

[16] [12]
T. castaneum p * 4.0 > 3.0 [44] [60] [40] [16]

[12]
T. castaneum a 1.5 6.0 >14.0 >14.0 [26] [25] [45] [21]

[46] [44] [60] [40]
[16] [38] [12] [17]
[57] [14] [55] [23]

T. confusum e 2.5 [60][40]
T:" confusum I 1.0 [60][ 40]
'if:"" confusum p 6.5 [60][40]
T. confusum a * 4.5 > 7.0 > 7.0 > 7.0 [46] [60] [40] [28]

[47] [38] [22] [30]
[59]

T. farinae a < 4.0 [61]
T. glabrum a < 3.5 < 3.5 < 3.5 [24]
~ glabrum I < 3.5 < 3.5 < 3.5 [24] [48]
~ granarium I *12.0 [12] [22]
T. granarium p 4.0 [12]
T:" molitor I < 2.0 [22]

The values in the Table are of four types; an unqualified number
indicates that the 95% equimortality line passes through the time
class centred on the reported value. "C" means that the shortest
time with observation had a mortality of greater than 95%. ">"
indicates that at the longest time observed 95% mortality was not
reached. "-" indicates that it was impossible to obtain a value
using interpolation.

of oxygen there is little practical difference in the time to obtain
high mortality, less than one day between the three of them.
Equimortality plots for several species, Fig. 5, show that results with
burner exhaust gas fit better with the oxygen deficient atmospheres
than with enriched C02 ones.

The majority of species studied showed 95% or greater mortality in
less than 10 days both at <0.1% and 1% oxygen. The only exceptions
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Fig. 5 Examples of grouped data for combinations of carbon dioxide
concentration and exposure period. To show the effects of
excessive oxygen compared with air (A), and oxygen deficient
atmospheres compared with air (B). All ratios of oxygen to
nitrogen, temperatures 20-29°C. (i) Sitophilus granarius
adults, (ii) Tribolium castaneum adults.

were Trogoderma granarium larvae (12 days at <0.1%), S. oryzae puape
(20 days at <0.1%, > 14 days at 1%) and S. granarius adults~ays at
1%). These periods are consistent with, but somewhat longer than, those
given by Banks and Annis [6] which vary from 42 days at 20°C to 14 days
at 30°C.

A dosage regime for oxygen deficient atmospheres aimed at the pupae
of S. oryzae appears to be effective for all other species reported.
Further detailed work on this species is needed to investigate the
combined effects of concentration of oxygen, time and temperature on
mortality, especially at higher (>1%) oxygen levels.

Carbon dioxide enriched atmospheres. Equimortali ty plots of the
total C02 data for many species, Fig. 5, showed that a high proportion
of oxygen (when compared to C02/air mixtures) and low oxygen
concentration « approximately 5.0%) influence mortality. High oxygen
proportions reduce mortality, while oxygen low proportions increase it.

The effects of carbon dioxide enriched atmospheres are more
complex than those of oxygen deficient ones, and the nature of the
relationship between concentration and time varies considerably between
species. Trogoderma granarium is the single most tolerant species to
all but 100% carbon dioxide, where the pupae of Sitophilus spp , are
more tolerant.
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These results make a generalized recommendation for the use of C02
difficult, and a set of treatment regimes are needed, depending on the
species present, time available, leak rate from the structure and the
level of mortality required.

The efficacy of 100% C02 is essentially the same as for the other
oxygen deficient atmospheres.

Carbon dioxide concentrations maintained around 80% for 16 days,
should provide 95% mortality or greater of all commonly found grain
pests. If T. granarium is not present, this could be reduced to 8.5 days.
Absence of-:5itophilus spp. would further decrease the required period
to 5.5 days.

With 60% C02 a similar general pattern is true, and agrees with
the statement of Jay [3] that "If a C02 concentration of 60 percent is
maintained for 4 days, it will kill most species and life stages •••".
However, it is not possible to say precisely how long it would take to
kill T. granarium larvae (but it would be longer than 25 days), and C.
chinensis pupae and larvae would survive treatments of up to 10 dayS:

At a concentration of 40% ,C02 is significantly less effective
against T. castaneum than at higher concentrations. However, a 17 day
treatmen~ should be effective against most species (except T.
granarium). There are currently no recommendations for using a
continuous level of 40% C02 for disinfestation. This concentration is
relevant to the recommendation for "single-shot" treatments using C02,
since the current recommendation for this type of treatment is that the
concentrations start at > 70% C02 and remain above 35% for 10 days or
more [5]. On the basis of the current study, it would appear prudent
to increase the recommended exposure period from 10 to 15 days to ensure
success with all species except ~ granarium.

Data on the efficacy of 20% C02 is too scanty for any useful
recommendation to be made. It is certain that exposures of longer than
25 days are needed but how much longer is not known.

Conclusions

Both oxygen-deficient and carbon dioxide-enriched controlled
atmospheres are able to disinfest stored grain of insect pests. The
majority of species studied were killed in less than 10 days, with the
exact time depending on the composition of the atmosphere. However,
there were, a few species, commonly found in stored products, that
appear to survive exposures longer than 10 days at most concentrations
studied, and some that, while killed in less than 10 days at most
concentrations, take substantially longer at specific concentrations.

It appears that dosage regimes for the control of all stored
product pests with oxygen deficient atmospheres should be based on the
response of the pupae of S. oryzae. Carbon dioxide dosages should be
based on the response of 1:. oryzae pupae and T. castaneum adults and
larvae. However, where T =--g~m is likely to be present, carbon
dioxide exposure should be-set for that species.
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Despite much work, there is still inadequate knowledge to set firm
dosage schedules for controlled atmosphere treatments. Almost certainly
more detailed work on the above three species will lead to revision of
current recommendations.

However, on the basis of this review, it is possible to suggest
the following revised, but still provisional, dosage regimes for grain
temperatures between 20 and 29°C.

1. Oxygen deficient atmospheres.
o - 1% oxygen for longer than 20 days

2. Constant C02 composition.
80% 16 days if T. granarium present.

8.5 days for-all other species
60% 11 days for all species except T. granarium
40% 17 days for all species except T. granarium

3. Declining C02 concentrations.
Initial concentration above 70% C02 in air, declining
to 35% in 15 days or longer.
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