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ABSTRACT

The use of controlled atmospheres (CA) to disrupt the life cycle of mites is discussed. A
different approach was required if the exposure time for CAs with low oxygen (O,) in
nitrogen (N,) was to be reduced. Rather than attempting to kill all stages, the O, content
of the CA to be used would not affect egg hatch but would kill the far more susceptible
larvae. This would be technically easier to achieve and more economic to run, but would
require treatment starting from the moment the crop was placed in storage. Different
levels of O,, 4, 5 and 6%, were used with N, as the main constituent as well as 5% O, and
7.5 % carbon dioxide (CO,) in N, and the addition of 10 or 20% CO, to 6%0, in N,. The
two mite species tested were Acarus siro L. and Tyrophagus longior (Gervais), both of
which, as eggs, show a high level of tolerance to CAs.

The laboratory tests were carried out at 20 and 25°C on whole wheat with relative
humidities (r.h.) of 75, 80 and 85%. The exposures were determined by the generation
time of each species at each combination of temperature and r.h. Comparison of numbers
at the start and end of the exposure allowed the reduction in population growth to be
assessed.

The maximum O, content resulting in cessation of population growth was: 5% for A. siro
at 25°C, and 4% for A. siro at 20°C and T. longior at 20 and 25°C. With the addition of
CO, these limits can be raised with cessation of population growth at: 6% O, and 20%
CO, for A. siro at 20°C and 6% O, and 10% CO, at 25°C, and 6% O, and 10% CO, at 20
and 25°C for T. longior.

INTRODUCTION

Bulk food storage provides a set of unique conditions and a particular number of
invertebrates are well placed to take advantage of this environment. Certain
astigmatid mites in particular are well adapted to take advantage of these conditions.
They are able to complete their development more rapidly and produce more
offspring at lower temperatures than insects and are rapidly becoming important
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economic pests in temperate regions (Cunnington, 1976; White, 1995). Damage is
caused by consumption of the grain germ and endosperm (Parkinson, 1990),
contamination with fungal spores (Lacey, 1988) and the secretion of lipids, which
taint the grain (White, 1995). Their allergens have been detected within the food
chain and have been shown as a causative agent for asthma, rhinitis and eczema
(Chambers et al., 1999). In cool, damp grain populations of up to 1000 mites/kg are
often considered as unavoidable (Bell and Armitage, 1992).

Manipulation of the storage environmental conditions is an important part of
the successful storage of grain and helps to maintain the grain quality and avoid
conditions that would allow rapid pest development. This can be achieved by
chilling, drying or altering the gaseous composition of the intra-granular atmosphere
(Lacey, 1988). Ambient aeration is not able to cool the grain to prevent moderate
infestations of mites, as Acarus siro L. may persist with grain temperatures as low as

4-90C (Armitage et al., 1994), and so the grain has to be dried to 12-13% moisture
content (m.c.) (Burrell and Havers, 1976). However the surface grain will absorb
moisture and thereby becomes favourable for mite population growth (Armitage and
Cook, 1999).

Insecticides have been used in the past for mite control on grain with success,
both as an admixture (Wilkin and Stables, 1985; Tigar and Pinniger, 1989; White and
Sinha, 1990), and as a surface treatment (Armitage et al., 1994). Resistance to many
compounds is becoming a worldwide problem (White, 1995) and in the UK in
particular, pirimiphos-methyl, the main insecticide used for grain (Starzewski, 1991)
now has limited efficacy against mites (Prickett, 1997).

Controlled atmospheres (CA) offer an alternative strategy for mite control
especially with the mounting public concern about environmental contamination and
a desire for pesticide-free food (Gibson, 1988). This technology involves the
alteration of the natural ratio of the atmospheric gases, oxygen (O,), nitrogen (N,)
and carbon dioxide (CO,), to render the atmosphere in stores unfavourable to pests
(Banks and Fields, 1995). Previous laboratory tests with CAs against mites have
shown promising results (Hughes, 1943; Mitsura et al., 1973; Stepien, 1974; Lider et
al., 1983; Navarro et al., 1985). The egg stage has been shown to be most tolerant to
CAs (Li et al., 1998; Conyers and Bell, 2003) and to fumigants, including methyl
bromide and phosphine (Bowley and Bell, 1981). White and Jayas (1991, 1993) have
carried out successful field trials with CO, in small grain bins against mixed
populations of several mite species in cool temperatures.

Previous work has shown that the most tolerant stage of astigmatid mites was
the egg and to achieve complete control over A. farris (Oudemans), A. siro,
Lepidoglyphus destructor (Schrank) and i (Gervais) required an exposure to 0.5% O,
in N, for 22 days (Conyers and Bell, 2003). An increase in O, to 2% required an
increase in exposure time to 38 days. A different approach was required if the
exposure time was to be reduced. Rather than attempting to kill all stages, O, content
of the CA to be used would allow egg hatch but would then kill the far more
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susceptible larvae. This would be technically easier to achieve and have a lower
running cost, but would require treatment starting from the moment the crop was
placed in storage. If the use of CAs for mite population control is to realise its
potential in the field, laboratory tests are needed to ascertain the O, levels required to
achieve this aim, the exposure times required to prevent population growth and to
show any differences in susceptibility of the various species.

Two astigmatid mite species were chosen for the tests. A. siro is the commonest
species in UK grain stores throughout the year (Lynch et al., 1991) and does the most
damage to the grain (Parkinson, 1990). T. longior is another common inhabitant of
grain stores though mainly a fungal feeder (Parkinson et al., 1991) it does also reduce
seed germination (Zdarkova, 1996) and has been shown to be the most tolerant of the
species tested to CAs (Conyers and Bell, 2003).

MATERIALS AND METHODS

Two strains, A. siro strain A44 and T. longior strain T3 were used throughout the
experiments. Each mite species was reared on food (yeast and wheat germ (3:1)) in
50 ml conical flasks. The cultures were sieved through a 180 wm mesh to remove the
eggs. The mites were then exposed to an N,-based CA on whole wheat at two
temperatures, 20 and 25°C, and three relative humidities (r.h.), 75, 80 and 85% rh, to
assess the effect on their population growth. A parallel exposure under similar
combinations of temperature and r.h. at the normal O, level (20.9%) was used as a
comparison. The exposure length was derived from the generation time at each
combination of temperature and r.h. (Table 2). Generation times for A. siro were
determined by Cunnington (pers. com.) (Table 1). There was no information for 7.
longior so the results for T. putrescentiae (Schrank) were used but preliminary results
showed that an increase of at least five days was needed.

Wheat Preparation

A preliminary assessment of the m.c. of the whole wheat to be used was made by
drying a sample in a ventilated oven at 130°C for 2 h (ISO 712). Three 1000 g
batches of wheat were used for each species. These were then conditioned to the
required m.c.s of 16, 17.5 and 18.5% (equivalent to r.h.s of 75, 80 and 85%) by
dampening the grain with the appropriate quantity of distilled water. This was
followed with shaking by hand for 5 min every hour for 4 h (Henderson, 1990). Then
the samples were placed in ziploc bags at 5°C and left for a week to allow uptake and
even distribution of the moisture within the sample. Another assessment of each
sample was carried out to ensure they had achieved the correct m.c. A further wetting
and cool storage period was undertaken if the correct level had not been reached and
this was followed by a further m.c. test.
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Handling of Mites

A rounded spatula-full of mites was added to each glass jar (60 mm diameter x 60
mm height), which contained 50 g of whole wheat. An assessment was made of the
mite numbers by counting the mites in five of these amounts, once each under a low
powered binocular microscope. The sample was placed on to a zoned disc (Solomon,
1962) and evenly distributed with a small fine brush. The number of mobile mite
stages on an eighth of the total disc area was counted and multiplied up. An average
was then calculated for the five samples and rounded to the nearest 10. The jars were
sealed with two 55 mm Whatman No. 1 filter papers (Whatman International Ltd.,
Maidstone, England) placed on top and secured with a metal screw lid with its centre
removed. This was done 24 h before the start of the exposure to allow the mites to
become acclimatised.

To assess the affect of the temperature r.h. combinations on the untreated
samples, 5 jars were used for each r.h., with 15 in total for each of the two
temperatures. The untreated samples were placed in glass containers (220 mm
diameter x 250 mm height) over 500 ml of potassium hydroxide solution of correct
specific gravity to produce the required r.h.s of 75, 80 and 85% (Solomon, 1951) and
under the same combinations of temperature and r.h. as the treated samples. A. siro
and T. longior were placed in separate glass containers so there was a set of three
containers for each species at each temperature.

The treated replicates were placed on mesh grills in glass containers of
similar dimensions. The 5 jars of both A. siro and T. longior were placed together so
that there were three different sets of r.h. conditions at each temperature. Each CA
was produced by a gas blender (Signal Instrument Co. Ltd., Camberley, Surrey). The
gas stream was humidified by bubbling through an 80 ml column of glycerol/distilled
water solution contained in a 100 ml measuring cylinder (Johnson, 1940), which
under static conditions was designed to give a 5% higher r.h. than required to
compensate for the observation in pilot tests that the moving gas stream did not fully
equilibrate as it bubbled through the cylinder. It was essential that m.c. did not fall
during the exposures and that the m.c. of the treated wheat remained at least as high
as the controls so that the factor demonstrably affecting population growth was the
CA alone rather than a drop in r.h. The solutions were topped up to the 80 ml level
every three days. The CA was released under the samples at a rate of 90 ml/min. The
output of the blender was set using O, (Model 570A, Servomex Ltd., Crowborough,
Sussex) and CO, meters (Anagas CD 95, Environmental Instruments, Leamington
Spa, Warwickshire) which were zeroed and calibrated before each assessment of
each CA. CA readings were also taken throughout the exposures from the output of
the treated glass containers with the same meters to ensure that the correct mixture
was maintained.
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After completion of an exposure, an assessment was made of the mite
numbers. A similar method was used to that for the number of mites in one spatula.
Each of the five replicate wheat samples for the control and the treatment was placed
on a sieve (1.70 mm nominal aperture) and shaken for 30 seconds. The sample was
passed through a further sieve (710 um nominal aperture) before reaching the
collection dish. Its contents were then placed on the disc. If the mite numbers were
below 200 on the sample zones the mites on the whole of the disc were counted. An
average population size was then calculated for the untreated and the treatment. A
percentage reduction in population growth due to the CA was calculated by
comparing the two population sizes. The five wheat samples for the control were
combined as were those for the treatment and a final m.c. assessment was obtained
for each.

RESULTS

Moisture content was used to assess the r.h. within the glass containers throughout
the exposures. There was a drop in m.c. of the controls after exposure with an
average of 0.3 % mc lost at both temperatures for A. siro and 0.4% mc lost at 20 and
25°C respectively for T. longior (Table 3). For T. longior, the numbers in the controls
at 75% r.h. for all the experiments were below the initial population level (Tables 4-
9). In most cases, the comparable m.c. in CA-treated samples increased above the
initial level and was therefore higher than its control value (Table 3). Therefore the
moisture conditions for population growth were more favourable to mites in the
treated samples than in the controls.

At 6% O, population suppression of A. siro occurred only at 75% r.h. for
both temperatures when compared to the untreated, but there was no effective
population reduction of T. longior (Table 4). When O, was reduced to 5%,
populations of A. siro were reduced by at least 97% at all temperature/r.h.
combinations (Table 5). For T. longior a 90% or higher level of population
suppression was achieved only at 25°C with 75 or 80% r.h. A further reduction to 4%
0O, gave population reduction of 99% or higher for A. siro and 94 % or higher for 7.
longior (Table 6).

The addition of 7.5% CO, to 5% O, made little difference to the population
suppression of A. siro achieved by 5% O, alone (Tables 5 and 7). The interpretation
of results for 7. longior was hampered by very poor survival in controls, especially at
25°C, although complete control was obtained at 25°C and 75% r.h.
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TABLE 1
Mean developmental period from egg to adult in days of two mite species
(Cunnington, pers. com.)

r.h. (%)

Species
Temperature (°C) 75 80 85
A. siro 20 - 16 14
25 14 12 11
T. putrescentiae 20 - 22 20
25 16 14 12

TABLE 2.

Actual exposure lengths (Days) used

r.h. (%)

Species  Temperature °C) 75 80 85

A. siro 20 22 16 14
25 16 14 12
T. longior 20 34 30 26

25 26 20 18
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However the addition of 10% CO, to 6% O, (Table 8) improved the population
suppression of both species especially at the high r.h. levels when compared to 6% O,
alone (Table 4). Below 85% r.h., at both temperatures, there was a reduction in A.
siro similar to that using 5% O, alone (Table 5). At all r.h.s, the reductions in

TABLE 3
Initial and change in the moisture contents (m.c.) of whole wheat in the untreated jars and
after exposure to 6% oxygen in nitrogen and to 6% oxygen and 20% carbon dioxide in

nitrogen
CA
6% O, &
6% O, in N, 20% CO,
in N,
r.h. (%)

Species Temg?%’;‘t“re m.c. 75 80 8 75 80 85

A. siro Initial 16.3 17.8 18.6 157 17.5 18.5
Post:

20 Untreated -0.2 -05 00 -03 -0.7 -0.3

Treated +0.3 +04 +03 +0.1 00 -0.1
Post:

25 Untreated -0.1 -05 02 -04 -05 -0.1

Treated +0.4 +04 +0.2 +0.2 +0.1 -04

I T‘. Initial 16.1 17.6 18.6 159 17.4 185

ongior

Post:

20 Untreated -0.1 0.5 -0.1 -04 -0.7 -04

Treated +0.8 +1.0 +0.6 +0.1 +0.6 +0.4
Post:

25 Untreated -0.2 06 02 -06 -0.8 -02

Treated +0.7 +1.0 +0.5 +0.2 +09 +0.2

T. longior numbers were even greater, being equal to that achieved with 4% O, alone
(Table 6). A further increase in CO, to 20% (Table 9) brought the levels of
population suppression closer to those achieved with 5% O, at 85 r.h. for A. siro
(Table 5) but not to the levels of 4% O, (Table 6).
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TABLE 4
Average number of mites per jar before and after exposure to 6% oxygen in nitrogen and
percentage reduction for the treated compared to the untreated

20°C 25°C
Species r.h. Time Untreated Treated Rei(llllft_ Time Untreated Treated Rei(llllft_
% Days % Days %
A.siro Initial 420 420
75 21 2730 270 90 18 3660 80 98

80 17 3990 690 83 14 2790 470 83

8 17 4270 1030 76 12 3630 600 84

T.

. Initial 880 880
longior
75 38 630 270 57 28 590 260 56
80 35 1400 340 76 24 640 450 30

85 31 1620 450 72 20 1260 830 34

DISCUSSION

Relative humidity is a very important factor controlling population growth in mites
and if it falls to 65%, growth will cease for T. longior (Chmielewski, 1984) and at
60% A. siro also fails (Cunnington, 1965). The present tests covered some of the
physical conditions that were the most favourable for oviposition, hatching and
population increase for A. siro (20-25°C and 80-90% r.h.) (Cunnington, 1985). Under
the test conditions A. siro had a faster growth rate than 7. longior and multiplied well
in all the environmental combinations whereas T. longior showed higher population
growth at 85% r.h, as suggested by Solomon (1946).

There was a notable difference in response to the CAs between the species as
the only survivors in the treated A. siro cultures were adults. Although there was no
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count made of the proportion of the different mobile stages it was noted especially on
counts below 100, which occurred when O, content was at, or below 5% that there
were no juveniles present, and there was no oviposition, even though the

TABLE 5
Average number of mites per jar after exposure to 5% oxygen in nitrogen and percentage
reduction for the treated compared to the untreated

20°C 25°C

Species th Time Untreated Treated Reduction Time Untreated Treated Reduction

% Days % Days %
A. siro Initial 500 500

75 21 1640 20 99 20 1400 0 100

80 20 4640 50 99 14 4750 30 99

8 14 6060 140 98 14 8310 60 99

T

I g Initial 480 480
ongior

75 35 170 50 71 27 90 10 90
80 30 1310 300 77 22 870 50 95

85 27 1850 490 73 17 1590 260 84

environmental conditions were favourable. Therefore an increase in exposure lengths
would have ensured complete mortality of the population. With 7. longior eggs had
been laid but there was no evidence of hatch.

Previous work has shown that eggs of T. longior are tolerant of low O,
atmospheres and egg hatch is delayed under CAs of 2% O, and lower (Conyers and
Bell, 2003). The addition of CO, appeared to reduce the numbers of eggs present and
therefore the combination of the two gases would be needed to suppress oviposition
in this species most effectively. Such atmospheres can be provided by combustion of
hydrocarbons. Burner gas with propane fuel yielding an O, level of 6.1% would also
have 9.7% CO, present in the CA (Bell and Armitage, 1992). The presence of CO, as
in burner gas should also be beneficial in the control of other mite species such as A.
siro.
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TABLE 6
Average number of mites per jar after exposure to 4% oxygen in nitrogen and percentage
reduction for the treated compared to the untreated

20°C 25°C
Species rh Time Untreated Treated Reic(l)llllCt_ Time Untreated Treated Reic(l)llllCt_
% Days % Days %
A. siro Initial 970 970
75 21 3780 0 100 19 3020 0 100
80 16 5680 20 99 13 3610 0 100
85 16 9990 40 99 12 4300 10 99
long-ior Initial 790 790
75 34 270 25 91 27 200 0 100
80 30 1190 40 97 20 1380 20 99
85 28 3440 130 96 20 2000 130 94

The results from this study are supported by other published work. The most tolerant
stages of insects against low O, CA exposure are the egg and pupal stages, which
have the lowest metabolic rate (Reichmuth, 1987). There is no pupal stage in mite
development but there is an inert hypopus, which may be formed between the
protonymph and tritonymph in Acarus (Hughes, 1976). Its expression is determined
by adverse environmental conditions allowing for dispersal and/or dormancy (Knulle,
1991). This stage has shown increased tolerance to fumigants over all other
developmental stages (Cunnington and Heuser, 1953; Barker, 1982). This tolerance
may extend to CAs.

The mobile stages of larvae, nymphs and adults are controlled very quickly.
Hughes (1943) showed A. siro mobile stages were controlled in two and a half days
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with a low O, level between 0.8-1.2% at 20°C and 100% humidity. Navarro et al.
(1985) worked with adult A. siro at 15 and 26°C at 75% r.h. They found that 100%

TABLE 7
Average number of mites per jar after exposure to 5% oxygen and 7.5% carbon dioxide in
nitrogen and percentage reduction for the treated compared to the untreated

20°C 25°C

Species rh Time Untreated Treated Reduction Time Untreated Treated Reduction

% Days % Days %

A. siro Initial 420 420
75 27 620 10 98 14 620 20 97
80 16 1680 50 97 12 1040 50 95

T. longior  Initial 520 520
75 33 120 30 75 20 110 0 100
80 22 600 50 92 14 190 30 84

mortality was obtained when O, was 6% or less after a 5-day exposure at 15°C
whereas at 26°C the time was reduced to 3 days. Pagani and Ciampitti (1991) used

100% N, against A. farris and T. longior on salami at 11 to 15°C. They achieved
complete control of the mobile stages of both species after 6 days. In all these cases
the O, levels were much less than the present study and there are few other studies
with mites to support the present findings. Li et al. (1998) used 5% O,, and 10 % CO,
in N, at similar temperatures to see the effect on development and reproduction of 7.
putrescentiae. The results showed that the CA had an inhibition on both the factors
studied and this increased with increasing temperature. The newly-hatched larva was
most sensitive and the egg was the least. Exposure to the CA also reduced female
longevity and fecundity.

Publications of work with CAs against mites are few and for evidence of the
tolerance of eggs required work with another CA, CO,. Stepien (1974) showed that
egg stages were more tolerant than mobile stages of T. putrescentiae with 100%

mortality in 99.5% CO, at 25°C and 85% r.h after 6 days exposure of eggs whilst the
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mobile stages were all killed in 1 day. It was also noted that 1 day-old eggs were
more tolerant than older eggs.

The present tests have demonstrated that these 4-5% O, CAs are able to control all
stages of mite development in the environmental conditions found in a grain store.
The advantage of these CAs is that they are more economic to generate than those

TABLE 8
Average number of mites per jar after exposure to 6% oxygen and 10% carbon dioxide in
nitrogen and percentage reduction for the treated compared to the untreated

20°C 25°C

Species rh Time Untreated Treated Reduction Time Untreated Treated Reduction

% Days % Days %
A. siro Initial 700 700
75 21 5640 40 99 18 5030 20 99
80 19 5290 330 94 15 5170 80 98
8 15 5010 450 91 12 5300 240 95
T. longior  Initial 1490 1490
75 35 520 0 100 32 770 0 100
80 33 1200 60 96 22 1960 20 99
85 32 3460 90 97 20 2380 80 96

with an O, content of 1% or less and require the same techniques for application
based on a continuous flow of CA to the target bulk. They give control in a similar
time to that of the mite life cycle. A CA with 6% O, and 10% CO, provided a good
level of population suppression of both species which could be produced on-site from
a propane-fuelled burner gas generator.

CONCLUSION
1) Nitrogen with low O,:
a) Reduction in population levels was less at higher r.h. in most treatments.

b) 5% O,: stopped population growth of A. siro at 25°C, and at 75 and 80%
r.h. at 20°C.



41

¢) 4% O,: stopped population growth of A. siro at 20°C and of T. longior at
20 and 25°C.

2) Addition of CO,

a) Both species: 7.5% CO, with 5% O, content was no more effective than
5% O, alone.

b) A. siro: 6% O, and 10% CO,: There was a reduction similar to that of 5%
O, alone at both temperatures. 6% O, and 20% CO,: Brought the levels of population
suppression closer to those achieved with 5% O, but not to the levels of 4% O,.

c) T. longior: 6% O, and 10% CO,: The population suppression was equal to
that with 4% O, alone.

TABLE 9
Average number of mites per jar after exposure to 6% oxygen and 20% carbon dioxide in
nitrogen and percentage reduction for the treated compared to the untreated

20°C 25°C

Species rh Time Untreated Treated Reduction Time Untreated Treated Reduction

% Days % Days %

A. siro Initial 470 470
75 24 1730 70 96 18 2170 20 99
80 17 3310 100 97 14 3990 92 98
8 14 4010 100 98 12 3760 50 99

T. longior  Initial 1100 1100
75 38 430 0 100 33 430 0 100
80 33 1330 0 100 32 2100 0 100

85 32 2820 0 100 20 1840 20 99




42

REFERENCES

Armitage, D. M. and Cook, D. A., (1999) Limiting moisture uptake at the grain surface to
prevent mite infestation. HGCA Project Report No. 201, 18pp, Home-Grown Cereals
Authority, London, UK.

Armitage, D. M., Cogan, P. M. and Wilkin, D. R., (1994) Integrated pest management in
stored grain: Combining surface insecticide treatments with aeration. Journal of Stored
Products Research 30, 303-319.

Barker, P. S., (1982) Control of a mite, Lepidoglyphus destructor, including hypopi, in wheat
with carbonyl sulfide. Journal of Economic Entomology 3, 436-439.

Bell, C. H. and Armitage, D. M., 1(992) Alternative storage practices. In: Sauer, D. B., ed.,
Storage of Cereal Grains and their Products. 4th Edition, St. Paul, Minn., American
Association of Cereal Chemists, pp. 249-311.

Bowley, C. R. and Bell, C. H., (1981) The toxicity of twelve fumigants to three species of
mites infesting grain. Journal of Stored Products Research 17, 83-87.

Burrell, N. J. and Havers, S. J., (1976) The effects of cooling on mite infestations in bulk
grain. Annals of Applied Biology 82, 192-197.

Conyers, S. T. and Bell, C. H., (2003) The effect of modified atmospheres on the survival of

the eggs of four storage mite species. Experimental and Applied Acarology 31, 115-
130.

Chambers, J., Thind, B. B., Dunn, J. A. and Pearson, D. J., (1999) The importance of storage
mite allergens in occupational and domestic environments. In:. Proceedings of the 3rd
International Conference on Urban Pest., (Edited by: Robinson, W. H., Rettich, F. and
Rambo G. W) Czech University of Agriculture, Prague, Czech Republic, 19-22 July,
1999, pp. 559-569. Graficke Zavody, Hronov, Czech Republic.

Chmielewski, W., (1984. Tyrophagus longior (Gerv., (1844) (Acarina, Acaridae) — Bio-
ekologia, wystepowanie I szkodliwosc. Ochrona Rostlin 26, 69-85.

Cunnington, A. M., (1965). Physical limits for complete development of the grain mite,
Acarus siro (Acarina, Acaridae), in relation to its world distribution. Journal of
Applied Ecology 2, 295-306.

Cunnington, A. M., (1976) The effect of physical conditions on the development and increase
of some important mite species. Annals of Applied Biology 82, 175-201.

Cunnington, A. M., (1985) Factors affecting oviposition and fecundity in the grain mite,
Acarus siro L. (Acarina: Acaridae), especially temperature and relative humidity.
Experimental and Applied Acarology 1, 327-344.

Cunnington, A. M. and Heuser, S. G., (1954) Fumigation with methyl bromide. p. 9. Report
of the Pest Infestation Research Board for the year 1953. HMSO, London, UK.

Gibson, J. A., (1988) Review of rodent and insect damage to stored products and non-
pesticidal methods of control. In: Proceedings of the 7th International
Biodeterioration Symposium, Cambridge, UK, September 1987, pp. 286-291.

Henderson, S., (1990) Conditioning Stored Products to the Moisture Content Required, by
Wetting or Drying. CSL Operating Procedure PPI 006. Central Science Laboratory,
Ministry of Agriculture, Fisheries and Food, York.



43

Hughes, A. M., (1976) The mites of stored food and houses. Technical Bulletin No. 9,
HMSO, London, UK.

Hughes, T. E., (1943) The respiration of Tyroglyphus farinae. Journal of Experimental
Biology 20, 1-5.

Johnson, C. G., (1940) The maintenance of high atmospheric humidities for entomological
work with glycerol-water mixtures. Annals of Applied Biology 27, 295-300.

Knulle, W., (1991) Life-cycle strategies in unpredictable varying environments: genetic
adaptations in a colonising mite. In: The Acari. Reproduction, development and life-
history strategies, (Edited by: Schuster, R. and Murphy, P. W ). pp. 51-55. Chapman &
Hall, London, UK.

Lacey, J., (1988) Grain storage: the management of ecological change. In: Proceedings of the
7th International Biodeterioration Symposium, Cambridge, UK, September 1987, pp.
614-633.

Li LungShu, Chen Bin, Xia Juan and Zhang Xiao Wei, (1998) Influence of temperature and
controlled atmosphere on development and reproduction of the mould mite
Tyrophagus putrescentiae (Acari: Acaridae). Systematic and Applied Acarology 3,
113-120.

Lider, O., Navarro, S. and Gerson, U., (1983) Effect of controlled atmospheres on Acarus siro
L. adults. In: Progress report for year 1981-82 of Stored Product Division, pp. 59-79.

Lynch, S. M., Muggleton, J. and Starzewski, J., (1991) The distribution of mites in
commercial grain stores. In: Commercial grain stores 1988/89, England and Wales,
Pest incidence and storage practice. (Edited by Prickett, A. J. and Muggleton,), HGCA
Project Report No. 29, pp. 41-44.

Mitsura, A., Amano, R. and Tanabe, H., (1973) The acaricidal effects of compressed gas
treatments on the grain mite, Tyrophagus putrescentiae. Journal of Food Hygiene
Society, Japan, 14, 511-516.

Navarro, S., Lider, O. and Gerson, U., (1985) Response of adults of the grain mite Acarus siro
L. to modified atmospheres. Journal of Agricultural Entomology 2, 61-68.

Pagani, M. and Ciampitti, M., (1991) Mite control on seasoned pork products by modified
atmospheres: Preliminary tests. In: Proceedings of the 5th International Working
Conference on Stored-Product Protection, (Edited by: Fleurat-Lessard, F. and Ducom,
P.). September 9-14, 1990, Bordeaux, France, pp. 887-890.

Parkinson, C. L., (1990) Population increase and damage by three species of mites on wheat
at 20°C and two humidities. Experimental and Applied Acarology 8, 179-193.

Parkinson, C. L., Jamieson, N., Eborall, J. and Armitage, D. M., (1991) Comparison of the
fecundity of three species of grain store mites on fungal diets. Experimental and
Applied Acarology 12, 297-302.

Prickett, A. J., (1997) Oilseed stores 1995, England, Pest Management. MAFF Central
Science Laboratory Report No. 102; 74 pp + 68 pp.

Reichmuth, C., (1987) Low oxygen content to control stored product insects. In: Proceedings
of the 4th International Working Conference on Stored-Product Protection, (Edited by
Donahaye, E. and Navarro, S) September, 1986, Tel Aviv, Israel, pp. 194-207. Maor-
Wallach Press, Jerusalem.



44

Solomon, M. E., (1946) Tyroglyphid mites in stored products. Ecological studies. Annals of
Applied Biology 33, 82-97.

Solomon, M. E., (1951) The control of humidity with potassium hydroxide, sulphuric acid,
and other solutions. Bulletin of Entomological Research 42, 543-554.

Solomon, M. E., (1962) Notes on the extraction and quantitative estimation of the Acaridae
(Acarina). In: Proceedings of a Colloquium on Research Methods in Soil Zoology,
Rothampstead Experimental Station, pp. 305-307.

Stepien, Z., (1974) Effect of carbon dioxide on Tyrophagus putrescentiae (Schr.) (Acarina:
Acaridae). In: Proceedings of the 4th International Congress of Acarology (Budapest),
pp. 249-255.

Starzewski, J., (1991) The incidence of resistance to pirimiphos-methyl in stored product
mites collected from commercial grain stores in the United Kingdom. In: Commercial
grain stores 1988/89, England and Wales, Pest incidence and storage practice. (Edited
by: Prickett, A. J. and Muggleton), HGCA Project Report No. 29, pp. 41-44.

Tigar, B. J. and Pinniger, D. B., (1989) An assessment of methacrifos as a grain protectant
and its efficacy against Oryzaephilus surinamensis L., Tribolium castaneum Herbst,
Sitophilus granarius L., Sitophilus oryzae L., Glycyphagus destructor Schrank and
Tyrophagus longior Gervais. Pesticide Science 25, 175-185.

White, N. D. G., (1995) Insects, mites and insecticides in stored-grain ecosystems. In: Stored-
Grain Ecosystems, (Edited by Jayas D. S., White, N. D. G. and Muir, W. E.). pp. 123-
167. Marcel Dekker Inc., New York, USA.

White, N. D. G. and Jayas, D. S., (1991) Control of insects and mites with carbon dioxide in
wheat stored at cool temperatures in non airtight bins. Journal of Economic
Entomology 84, 1933-1942.

White, N. D. G. and Jayas, D. S., (1993) Effectiveness of carbon dioxide in compressed gas or
solid formulation for the control of insects and mites in stored wheat and barley.
Phytoprotection 74, 101-111.

White, N. D. G. and Sinha, R. N., (1990) Effect of chlorpyrifos-methyl on oat ecosystems in
farm granaries. Journal of Economic Entomology 83, 1128-1134.

Wilkin, D. R. and Stables, L. E., (1985) The effects of dusts containing etrimfos, methacrifos

or pirimiphos-methyl on mites in the surface layers of stored barley. Experimental and
Applied Acarology 1,203-211.

Zdarkova, E., (1996) The effect of mites on seed germination. Ochrana Rostlin 32, 175-179.



