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ABSTRACT Seasonal changes in the populations of Cryptolestes ferrugineus (Stephens),
Oryzaephilus surinamensis (L.), Rhyzopertha dominica (F.), Sitophilus oryzae (L.), and
Tribolium castaneum (Herbst) and differences in their response to pest management pro-
grams were compared using validated population-growth-simulation models. The population
growth of the five pest species differed in response to temperature and grain moisture
conditions during storage, and this partially explains differences among species in their
response to management practices. Aerating earlier in the storage season was generally more
effective in limiting population growth of C. ferrugineus and O. surinamensis than the other
species. Although fumigation was equally effective against all species, S. oryzae was able to
grow more rapidly than the others as temperatures decreased in the fall. The internal feeders,
R. dominica and S. oryzae, were much less affected by malathion protectant than the other
three external-feeding species. As indicated by these three examples, it would sometimes be

advantageous to know which species are present in choosing a management program.
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IDENTIFICATION OF PEST SPECIES is needed when-
ever the choice of an insect pest management pro-
gram depends upon which insect species are pres-
ent. However, we sometimes are able to select
programs that are effective against all of the pest
species that might be present. When this is possible,
much of the labor required for determining which
species are present might be saved. Several insect
species usually are found together in stored grain.
This generally includes five species of the order
Coleoptera: the rusty grain beetle, Cryptolestes
ferrugineus (Stephens) (Cucujidae); the saw-
toothed grain beetle, Oryzaephilus surinamensis
(L.) (Cucujidae); the lesser grain borer, Rhyzoper-
tha dominica (F.) (Bostrichidae); the rice weevil,
Sitophilus oryzae (L.) (Curculionidae); and the red
flour beetle, Tribolium castaneum (Herbst) (Te-
nebrionidae). Thus, a pest management program
that is effective against multiple species popula-
tions often is desirable.

Several studies have used insect population dy-
namics models to evaluate the effectiveness of
stored-grain pest management on a single species
(Thorpe et al. 1982; Sinclair & Alder 1985; Long-
staff 1988a,b; Flinn & Hagstrum 1990). However,
this paper represents the first reported stored-grain
simulation study comparing the effects of pest
management programs on multiple pest species.
We investigate whether the insect species present
should be a factor in the choice of a management
program for stored wheat. To make comparisons
with all of the major pest species of stored wheat
in the United States, we also developed and vali-

dated models for O. surinamensis and S. oryzae,
two species for which models were not available.

Materials and Methods

Validating O. surinamensis and S. oryzae
Models. Validated models for insect population
growth are available for three pests of stored wheat
(Hagstrum & Throne 1989), and models for two
additional species are presented and validated in
this paper. The population trends of these two
species were observed over several generations, and
the changes in population density were compared
with those predicted by population dynamics sim-
ulation models. For O. surinamensis, each of eigh-
teen, 135-kg lots of hard red winter wheat (Triti-
cum aestivum L.) in 208-liter (55 gallon) steel drums
were infested with 150 recently emerged adults.
The tops of drums were covered with fine-mesh
cloth for ventilation. Three lots of wheat were
maintained at each of the following combinations
of temperature and percentage of moisture: 22°C,
14%; 27°C, 10%; 27°C, 12%; 27°C, 14%; 32°C, 12%;
and 32°C, 14%. Population estimates were made
every wk by taking 350-450-ml wheat samples
with a grain trier from full depth of grain at four
locations in each drum, two in the center and two
halfway between the center and the edge of the
drums. On each sampling date, the temperature
and moisture were checked at sampling locations.
For S. oryzae, each of three 680 kg lots of soft red
winter wheat in wooden bins (0.9 by 0.9 by 1.2 m
high) in a large metal building were infested with
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Table 1. Equations describing egg production by O. surinamensis and offspring production by S. oryzae (Y) in relation
to age of adults (4), temperature in °C (T), and percentage of grain moisture (M)

Species df Equation® R?
O suniamensis 37 Y = o147+ 0.12A - 0.004A2 + 0.16M - 0.008AM - 0.00057A2M - 0.00002A2M> 0.73
S. oryzaeb 170 Y = 173 + 8.3LogT - 0.12ALogT + 2.0T - 0.1T2 + 0.34 - 0.044% + M - 0.16MT + 0.007TMT2 (89

+0.02MA

@ Equations for O. surinamensis and S. oryzae are based upon data published by Arbogast (1976) and Longstaff & Evans (1983),

respectively.
bT=T - 14°C.

900 recently emerged adults. The wheat was ini-
tially at 22°C and 12% moisture content, and tem-
perature increased 0.13°C per day during the ob-
servation period in response to temperatures
increasing in the spring. Insect populations were
estimated by taking 90 0.1-kg grain trier samples
of wheat at 15-cm-depth intervals from one of the
bins every 14 d, from the second bin after 21 and
49 d and from the third bin after 35 and 63 d. Bins
were sampled at different times to allow time to
process samples. For both species, adult insects were
separated from the wheat with an oblong-hole grain
sieve (0.18 mm by 1.27 cm; Seedburo, Chicago),
counted, and discarded. We used the PROC REG
program from the SAS Institute (1982, 39-84) to
compare measured and predicted mean population
densities for each species.

The Model. The distributed delay models of
Hagstrum & Throne (1989) and Flinn & Hagstrum
(1990) were used to simulate the population dy-
namics of three species of stored-grain insects.
Equations describing the developmental time, fe-
cundity, and toxicity of malathion were added to
models to simulate the population dynamics and
control of two additional species, O. surinamensis
and S. oryzae. The model consists of four major
parts: (1) equations describing the relationship be-
tween rate of insect development and grain tem-
perature and moisture; (2) a delay process for mov-
ing the immature insects through the stages and
simulating variation in developmental rate; (3) a
70-element array for keeping track of adult age,
and (4) equations describing the relationship be-
tween temperature and insect egg production. Ex-
cept for mortality caused by insecticide or fumi-
gation, survivorship was not explicitly included in
the model because adequate data were not avail-
able. However, for two of the insect species, R.
dominica and S. oryzae, the offspring production
data used in the model include immature mortality
because data were available in a form that included
natural mortality. These two species develop inside
of wheat kernels, and it is easier to count the num-
ber of adults emerging than the number of eggs
laid. For S. oryzae and O. surinamensis, devel-
opmental times were described by equations from
Hagstrum & Milliken (1988), and fecundity was
described by equations in Table 1. Because data
for O. surinamensis egg production was available
only for 30°C, a linear interpolation is used to de-
crease egg production to zero at 20°C. Howe (1965)

gives 21°C as the minimum temperature for pop-
ulation growth of this species.

Adult immigration into the stored grain was sim-
ulated using an immigration rate of 1 adult per
35.2 m? (1,000 bu) per day. These insects entered
the adult array as reproducing 8-d-old adults. This
average immigration rate was calculated by ad-
justing immigration rate in the model until the
model predictions fit actual field data (Hagstrum
& Throne 1989). This immigration rate is obviously
not applicable under all conditions; however, the
purpose of the simulation studies is to show general
trends and to make comparisons between manage-
ment strategies.

Aeration. The aeration subroutine simulated
daily decreases in grain bin temperature by using
a linear equation that was derived from field data
(Noyes et al. 1988)

r=(t — 20.0)/12 (1)

where r is the daily decrease in temperature of
grain in the bin and ¢ is the temperature of the
grain at the time aeration begins. The divisor was
based on the assumption that it takes =12 d with
an airflow rate of 1.3 liters/s per m® to cool the
grain from 32 to 20°C (120-h cooling time, 10 h of
cooling per day). This equation produces greater
cooling rates when the grain is stored at higher
temperatures. In the model, the moisture content
of grain does not change during aeration because
several studies showed <0.25-1.0% decrease in
grain moisture during aeration (Johnson 1957, Hol-
man 1960, Foster 1967, Converse et al. 1977). In
the case where the grain is unaerated, natural cool-
ing was simulated by decreasing the average grain
temperature in the bin by 0.5°C per wk, starting
1 October. This rate also was based on changes in
the overall average temperature of all of the grain
in a bin calculated from field data (Hagstrum 1987).

Protectant. Malathion is an organophosphorus
insecticide that is used as a grain protectant. It is
normally applied to the grain at a rate of 10 ppm,
as the grain is augered into the bin. We used the
equation from Flinn & Hagstrum (1990) to predict
the breakdown of malathion in the grain

R, = Roe{—(10/7)ln(2)/1oUm—hﬂ"/m—“»wf*ﬂ“’l} ©)
where R, is the ppm of insecticide at the beginning
of each 10-d interval, H is the percentage of rel-
ative humidity in the interstitial spaces of the grain,
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Table 2. Logistic equation coefficients for malathion-induced mortality for four insect species
Species a b Interval® R2 n
R. dominica? 385.109 + 8.414 —16.935 + 3.981 10 0.98 10
C. ferrugineus® 28.986 + 9.080 —23.967 + 7.410 7 0.80 10
S. oryzaed —0.288 = 0.145 —1.540 + 0.107 14 0.98 13
T. castaneum® 6.159 + 0.734 —5.602 + 0.685 7 0.99 5

2 Days over which mortality occurred.
b Data from Champ et al. (1969).

¢ Data from Watters (1959).

d Data from Strong & Sbur (1960).

¢ Data from Mensah & Watters (1979).

and T is the grain temperature in degrees centi-
grade.

To predict mortality for each insect species as a
function of exposure time and insecticide residue,
we fit logistic equations to data for four different
species (Table 2) using nonlinear least-squares
regression (Wilkinson 1987). Insecticide residue data
were not reported except in Mensah & Watters
(1979). Therefore, we used equation 2 to estimate
the residue. The form of the mortality equation is

where M is the proportion adult mortality occur-
ring either over 7 or 14 d, p is the insecticide
concentration in ppm, and a and b are coefficients
fit using a nonlinear least squares regression pro-
gram (Table 2). In these published studies, grain
was treated with 10 ppm malathion and stored for
different lengths of time (0-100 d) before insects
were exposed to the grain for a 7- or 14-d period.
Unfortunately, similar studies have not been done
for O. surinamensis. We decided therefore to use
the same coefficients that were used for T. casta-

M = 1/{1 + expla + b log(p)l} (8) meum because, of the five species, T. castaneum
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Fig. 1. Predicted effects of initial temperatures and percentage of grain moistures of (A) 27°C and 10%, (B)

32°C and 10%, (C) 27°C and 14%, and (D) 32°C and 14% on the population growth of five species of stored-grain
insects with grain aeration starting 1 October.
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Table 3. Par ters for regression of ed (y)
against predicted (x) population densities for two stored-
product insect pests

Species
Parameters
O. surinamensis S. oryzae
df 53 7
Slope + SE 1.01 + 0.048 1.07 + 0.123
t for HO:slope = 1 0.2803 0.5668
Probability > t 0.7803 0.5885
Intercept + SE —0.077 £ 1.79 —12.77 + 32.23
t for HO:intercept =0  —0.043 —0.396
Probability > t 0.9661 0.7056
2 0.8967 0.9260

and O. surinamensis have the most similar LDj,
(0.06 versus 0.015) for malathion (Haliscak & Bee-
man 1983).

Fumigation. Unlike protectants, fumigation has
no residual effects. Fumigation was simulated in
the model by causing 90 and 99% mortality to
pupal and adult stages, respectively, and 100%
mortality to eggs and larvae, over a 5-d period
(Longstaff 1988a). Mortality caused by fumigation
between 25 and 30°C is similar for the five species
considered in our study (Lindgren & Vincent 1966,
Hole et al. 1976, Price & Mills 1988).
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Model Simulations. The model was run using
two different grain moistures, 10 and 14%, and two
initial grain temperatures, 27 and 32°C, at the time
grain was put into storage. In the model, grain
conditions were constant during the first 3 mo of
storage because temperature and moisture nor-
mally change very little before 1 October (Hag-
strum 1987). We also investigated the effects that
storage in different growing regions of the United
States might have on insect population growth. In
the simulations, grain was stored either on 1 June,
1 July, or 1 August to duplicate the storage dates
that would occur in the southern, middle, and
northern growing regions of the United States, re-
spectively. In addition, we examined the effects of
aerating or fumigating at different times during
the year. Only reasonable combinations of control
methods were used because of the large number
of possible combinations. A reference line of one
adult insect per 0.5 kg of wheat is shown on figures
to make comparison of treatment effects on dif-
ferent graphs easier. In this study, we were pri-
marily interested in insect densities less than or
slightly greater than those at which insects are nor-
mally detected (1 insect/0.5 kg). At these densities,
interspecific interactions probably do not affect

109 1 1 2 10 9 1 1
o | 103: m—— R dominica 32°C, 14% A 108_ 32°C, 14°/° B :'
m wmmee G, ferrugineus E
o 107} """" T. castaneum 107- E-
o 4 —— Sionyzae
‘C_J 10 6 4 -~ O.surinamensis r 10 6 4 E-
» 5 5] / 2
5 107 3 | INSECT/05 kg 107 3 1 INSECT/05 kg E
w 4} 4] F
% 10 10 - E
= 3] Grain 3] rain i
- 10 Stored 0 E Stored
- 1024 July 1 Aerated 102+ Aug 1 Aerated s
2 < October 1 October 1
Q 407 ¢ 101 ¢ s
< + + 3
10° +———rr—rr ¢ R 10 +————+—+— ; T
10° ' —— 10°
2 10°9 1083 1
7] 713 3
§ 10" 107 %
= 109 10°+ -
(.2 5 5 b
o 1077 107 -1 INSECT/0.5 kg 1
L 4 4
o 101 10°1 s
Z 2 E
» 10°+ 10%{ Grain 1
i Stored
5' 1024 Aerated 1024  June 1 Aerated -
(a) . Sept 1 : Nov 1
< 109 v v 10+ v .
100+ - — 10° ey T
100 200 300 100 200 300
DAY OF THE YEAR DAY OF THE YEAR
Fig. 2. Predicted effects of (A, B) storage date and (C, D) time of aeration on population growth of five species

of stored-grain insects in grain stored at 32°C and 14% moisture content.
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Fig. 3. Predicted effects of time of fumigation on
the population growth of five species of stored-grain
insects in grain stored at 32°C and 14% moisture content
with grain placed in storage 1 June and aeration starting
1 October.

population growth (Solomon 1953). If species in-
teractions were included in the model, the popu-
lation growth rate would probably decline as pop-
ulations approached densities of several hundred
insects per 0.5 kg.

Results and Discussion

Validation of Models. Simulation models have
been validated for all five species of the insects that
we compared. Two of them are validated in this
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paper. Models explained 89.7 and 92.6% of the
changes in mean estimated population densities of
18 and 3 observed populations of O. surinamensis
and S. oryzae, respectively (Table 3). Slopes >1
indicate that the measured densities of the two
species tended to exceed predicted densities. How-
ever, neither of the slopes were significantly dif-
ferent from 1. Also, the intercepts of the regression
equations were not significantly different from 0,
indicating that as densities approach 0, neither
measured nor predicted densities were consistently
higher or lower than one another. Hagstrum &
Throne (1989) have shown that models for C. fer-
rugineus, R. dominica, and T. castaneum also ex-
plain =90% of the observed changes in insect pop-
ulation densities. Thus, for all five species, the
models provide good representations of their pop-
ulation growth.

Grain Temperature and Moisture. The popu-
lations of the five pest species grew at different
rates in response to temperature and moisture con-
ditions during storage (Fig. 1). It is important to
examine differences in population growth among
species because they may explain differences in the
response of species to management practices. At
14% grain moisture, the difference between pop-
ulation size at 27 and 32°C was much greater for
C. ferrugineus than for the other species. At 10%
grain moisture, the difference between population
size at 27 and 32°C was greater for S. oryzae than
for the other species. In general, grain moisture
had a greater effect on C. ferrugineus and S. oryzae
at 32°C than the other three species. Among the
other three species, O. surinamensis populations
were consistently larger than T. castaneum pop-
ulations, and T. castaneum populations were con-
sistently larger than R. dominica populations. The
longer generation time of R. dominica was mainly
responsible for the slower population growth in
comparison to the other species.

Storage Date. The amount of time between ini-
tial grain storage and fall aeration determines the
length of time during which insect pest populations
grow under most favorable conditions. Clearly, the
time of storage will be an important factor to con-
sider for all species in choosing a management pro-
gram. Grain is harvested and stored earlier in the
southern United States and may be stored longer
before cooling than wheat harvested later in the
northern wheat-producing regions. A delay of only
1 mo in storage date resulted in an ~6- to 28-fold
reduction in insect pest population densities of the
five species by day 365 of the year (Fig. 1D, 2A
and B). Differences among species in these reduc-
tions were a result of differences in the growth rates
of the five species. The largest reduction was for
S. oryzae and the smallest was for R. dominica.
The ranked order of the other three species was
consistently C. ferrugineus > O. surinamensis >
T. castaneum.

Aeration. Simulated adult population densities
of all five species increased exponentially before
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Fig. 4. Predicted population growth of five species of stored-grain insects in grain treated with 10 ppm malathion
at grain temperature and percentage moisture conditions of (A) 27°C and 10%, (B) 32°C and 10%, (C), 27°C and
14%, and (D) 32°C and 14% with grain placed in storage 1 June and aeration starting 1 October.

aeration, but their densities generally began to level
off soon after the start of aeration (Fig. 1D, 2C and
D). Each month aeration was delayed resulted in
an ~4- to 24-fold increase in density. Aerating
earlier was generally more effective in limiting
population growth of C. ferrugineus and O. sur-
inamensis than population growth of R. dominica,
S. oryzae and T. castaneum.

Fumigation. Because fumigants have no residual
effect, only the insects present in the grain at the
time of fumigation are killed. Insects can reinfest
the grain almost immediately. Delaying fumiga-
tion for 1 or 2 mo generally reduced the numbers
of all five insect species that were present on day
365 of the year (Fig. 3). This is because delaying
fumigation reduced the time available for popu-
lation growth after fumigation and before the be-
ginning of cooler fall temperatures. Waiting to fu-
migate in August or September, instead of
fumigating in July, resulted in 6- to 24-fold de-
creases in population densities of the five species
on day 365. Although fumigation was equally ef-
fective against all species, the ability of S. oryzae
populations to grow more rapidly than the other

four species as temperatures decreased in the fall
resulted in fumigation being a less effective treat-
ment for this species than for the others.

Protectant. The simulations showed that the in-
ternal feeding species, R. dominica and S. oryzae,
were much less affected by malathion protectant
than the three external feeding species (Fig. 4). Of
the two internal feeders, S. oryzae was more af-
fected by malathion than R. dominica. Treatment
of grain with malathion reduced populations of R.
dominica and S. oryzae 2- and 930-fold, respec-
tively, at 32°C and 14% moisture; and 2- and 8,782-
fold, respectively, at 32°C and 10% moisture. Pop-
ulations of the external feeders were eliminated at
all conditions except the 32°C and 14% moisture,
conditions at which malathion breaks down rap-
idly. However, even under these conditions, pop-
ulations of C. ferrugineus, T. castaneum and O.
surinamensis were reduced 2,753, 4,272 and 4,493
times, respectively.

Conclusion. The simulated growth of insect pest
populations in response to wheat storage conditions
and insect pest management practices differed
among species. These differences generally can be
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explained by the way in which population growth
rates of the species varied with temperature and
moisture conditions and differences in their sus-
ceptibility to malathion. Clearly, in some cases, it
would be advantageous to know which species are
present in choosing a management program and
predicting when pest management will be needed.
For example, malathion was very effective against
the three external-feeding species but was much
less effective against R. dominica. However, mal-
athion often is applied to grain as it is augered into
a storage bin, and the decision to apply protectant
is generally made before we know which species
will be present. Also, aeration was less effective
against S. oryzae than the other four species. If we
know that S. oryzae is present, we might choose to
fumigate before aeration, whereas aeration alone
might be sufficient to control the other species.
Because many of these species of stored-grain in-
sect pests are generally found together, insect con-
trol often may require the same combination of
several of these management practices regardless
of which species actually are present. Unfortu-
nately, species identification generally will be nec-
essary to determine whether there is an optimal
management program for the species present or
whether the species present is not a factor in choos-
ing a management program.

References Cited

Arbogast, R. T. 1976. Population parameters for Ory-
zaephilus surinamensis and O. mercator: effect of
relative humidity. Environ. Entomol. 5: 738-742.

Champ, B. R., R. W. Steele, B. G. Genn & K. D. Elms.
1969. A comparison of malathion, diazinon, feni-
trothion and dichlorvos for control of Sitophilus ory-
zae (L.) and Rhyzopertha dominica (F.) in wheat. J.
Stored Prod. Res. 5: 21-48.

Converse, H. H., B. S. Miller & A. H. Graves. 1977.
Quality changes of hard red spring wheat stored in
concrete silos. USDA-ARS, ARS-NC-58.

Flinn, P. W. & D. W. Hagstrum. 1990. Simulations
comparing the effectiveness of various stored-grain
management practices used to control the lesser grain
borer, Rhyzopertha dominica (F.) (Coleoptera: Bos-
trichidae). Environ. Entomol. 19: 725-729.

Foster, G. H. 1967. Moisture changes during aeration
of grain. Trans. ASAE 10: 344-347.

Hagstrum, D. W. 1987. Seasonal variation of stored
wheat environment and insect populations. Environ.
Entomol. 16: 77-83.

Hagstrum, D. W. & G. A. Milliken. 1988. Quanti-
tative analysis of temperature, moisture, and diet fac-
tors affecting insect development. Ann. Entomol. Soc.
Am. 81: 539-546.

Hagstrum, D. W. & J. E. Throne. 1989. Predictability
of stored-wheat insect population trends from life
history traits. Environ. Entomol. 18: 660-664.

Haliscak, J. P. & R. W. Beeman. 1983. Status of
malathion resistance in five genera of beetles infesting
farm-stored corn, wheat, and oats in the United States.
J. Econ. Entomol. 76: 717-722.

HAGSTRUM & FLINN: MANAGEMENT OF STORED-PRODUCT INSECTS

2475

Hole, B. D., C. H. Bell, K. A. Mills & G. Goodship.
1976. The toxicity of phosphine to all develop-
mental stages of thirteen species of stored product
beetles. J. Stored Prod. Res. 12: 235-244.

Holman, L. E. 1960. Aeration of grain in commercial
storages. USDA Agricultural Marketing Research Re-
port 178.

Howe, R. W. 1965. A summary of estimates of optimal
and minimal conditions for population increase of
some stored products insects. J. Stored Prod. Res. 1:
177-184.

Johnson, H. K. 1957. Cooling stored grain by aera-
tion. J. Agric. Res. 38: 238-246.

Lindgren, D. L. & L. E. Vincent. 1966. Relative tox-
icity of hydrogen phosphine to various stored-product
insects. J. Stored Prod. Res. 2: 141-146.

Longstaff, B. C. 1988a. A modelling study of the ef-
fects of temperature manipulation upon the control
of Sitophilus oryzae (Coleoptera: Curculionidae) by
insecticide. J. Appl. Ecol. 25: 163-175.

1988b. Temperature manipulation and the manage-
ment of insecticide resistance in stored grain pests: a
simulation study for the rice weevil, Sitophilus ory-
zae. Ecol. Modell. 43: 303-313.

Longstaff, B. C. & D. E. Evans. 1983. The demog-
raphy of the rice weevil, Sitophilus oryzae (L.) (Co-
leoptera: Curculionidae), submodels of age-specific
survivorship and fecundity. Bull. Entomol. Res. 73:
333-344.

Mensah, G. W. K. & F. L. Watters. 1979. Comparison
of four organophosphorus insecticides on stored wheat
for control of susceptible and malathion-resistant
strains of the red flour beetle. J. Econ. Entomol. 72:
456-461.

Noyes, R. T., B. L. Clary & G. W. Cuperus. 1988.
Maintaining quality of stored grain by aeration. OSU
Extension. Facts. No. 1100. Cooperative Extension
Service, Oklahoma State University, Stillwater.

Price, L. A. & K. A. Mills. 1988. The toxicity of
phosphine to the immature stages of resistant and
susceptible strains of some common stored product
beetles, and implications for their control. J. Stored
Prod. Res. 24: 51-59.

SAS Institute. 1982. SAS user’s guide: statistics. SAS
Institute, Cary, N.C.

Sinclair, E. R. & J. Alder. 1985. Development of a
computer simulation model of stored product insect
populations on grain farms. Agric. Syst. 18: 95-113.

Solomon, M. E. 1953. The population dynamics of
storage pests, pp. 235-248. In Trans. IX International
Congress Entomology 2, Amsterdam.

Strong, R. G. & D. E. Sbur. 1960. Influence of grain
moisture and storage temperature on the effectiveness
of malathion as a grain protectant. J. Econ. Entomol.
53: 341-349.

Thorpe, G. R., W. R. Cuff & B. C. Longstaff. 1982.
Control of Sitophilus oryzae infestation of stored
wheat: an ecosystem model of the use of aeration.
Ecol. Modell. 15: 331-351.

Watters, F. L. 1959. Effects of grain moisture content
on residual toxicity and repellency of malathion. J.
Econ. Entomol. 52: 131-134.

Wilkinson, L. 1987. SYSTAT: the system for statistics.
SYSTAT, Evanston, Il

Received for publication 30 October 1989; accepted
24 May 1990.



