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ABSTRACT Sampling data for a variety of stages and species of insects, sampling devices,
locations in the marketing systems, and types of grain fit a single model with narrow con-
fidence limits, indicating that the same sampling statistics might be used with diverse pop-
ulations of stored-product insects. The progressively faster increase in variance and the
progressively slower increase in the fraction of samples with insects as insect population
density increased can both be explained by a purely probabilistic increase in the chance of

a sample having more than one insect.
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SAMPLING POPULATIONS to estimate density is an
integral part of any study of population dynamics.
Ruesink & Kogan (1982) have reviewed the most
pertinent literature related to sampling insect pop-
ulations. The relationship between the mean num-
ber of insects per sample and the sample-to-sample
variance or the percentage of samples with insects
provide two measures of the uniformity of insect
population distribution over an area. The more
evenly a population is distributed, the fewer sam-
ples are needed for detection or estimation. These
measures can thus be used to calculate the number
of samples needed for detection or estimation of
the insect population in that area. Hagstrum et al.
(1985) show how they can be used to calculate the
number of grain trier samples required for detec-
tion or estimation of insect populations in a bin of
farm-stored wheat. Hagstrum (1987) showed that
equations used for these calculations applied over
much of the storage season. Lippert & Hagstrum
(1987) showed that these equations also worked for
probe traps.

This paper presents sampling data for all
developmental stages of Tribolium castaneum
(Herbst), and for eggs of Cadra cautella (Walker),
re-analyzes data from five published studies on di-
verse populations of stored-product insects, and
compares sampling statistics from these seven stud-
ies. The mechanism underlying such sampling sta-
tistics is discussed.

* The article reports the results of research only. Mention of a
proprietary product does not constitute an endorsement or a rec-
ommendation for its use by USDA.

t Department of Entomology, P.O. Box 7626, North Carolina
State University, Raleigh, N.C. 27695.

3 Agriculture Canada, Research Station, Winnipeg, Manitoba
R3T 2M9 Canada.

Materials and Methods

The distribution of T. castaneum among sam-
ples was studied by taking 9 0.12-kg samples of
wheat with a grain trier from each of two 0.7-
bushel (24.7 liters) lots of wheat at 27°C and 70%
RH, 30, 50, 70, 90, 110, and 130 d after initial
infestation with five pairs of adult beetles. The
insects were sieved from the wheat with an oblong-
holed grain sieve (0.18 by 1.27 cm, Seedburo, Chi-
cago, Ill.) and then the wheat samples were washed
with 70% ethanol to remove eggs adhering to the
wheat. The insects were sorted and counted by
stage and larval instar. The pupae and adults were
further sorted and counted by sex.

The distribution of C. cautella eggs between
samples was studied by allowing individual females
to oviposit during a 48-h period at 25°C and 50%
RH on 7.5 kg of inshell peanuts spread evenly over
an area of 1.2 by 1.2 m. Eggs were counted by
dividing the area into 1,600 3-by-3-cm subdivi-
sions, and the number of eggs in each sampling
unit were entered into the computer as a 40 x 40
matrix using Cartesian coordinates of sample lo-
cations. Increases in egg density were simulated by
adding like elements of the matrices together for
2, 4, 8, or 16 individual females. The similarity of
the distributions created by overlaying to the actual
distributions for groups of 2, 4, 8, or 16 females
was confirmed by running four replicates at each
of these female densities.

The Statistical Analysis System (SAS Institute
1982) was used to calculate means, confidence lim-
its, and frequencies, fit regression equations, and
plot data. The distributions of C. cautella eggs cre-
ated by overlaying were compared with those for
groups of females using model cormparison pro-
cedures of Draper & Smith (1981). For Meagher
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Fig. 1. Plot of the seven regression models in Table

1 (top) and Table 2 (bottom) with the prediction limits
for the combined-data model in dashed lines.

et al. (1986), the means, variances, and percentages
of samples with insects were calculated for each of
three species at each of 5-7 depths in each of six
bins using the nine samples taken at each depth,
and for Smith (1985) they were calculated for the
numbers of Cryptolestes ferrugineus (Stephens) in
the 4-86 samples taken during the loading of a
railroad car.

Results

The data from two new data sets and five pub-
lished studies all indicated that the variance in-
creased progressively faster than the mean (Fig. 1;
Table 1) and that the fraction of samples with
insects increased progressively slower as population
density increased (Fig. 1; Table 2). In fact, the
narrow 95% confidence limits about the models
fitted to combined data from seven studies indi-
cated that both of these measures of the uniformity
of the population distribution over the area sam-
pled increased in a similar manner for diverse pop-
ulations of stored-product insects (Fig. 2). Further,
the models for each study were generally within
the 95% prediction interval for the combined-data
model (Fig. 1).

The progressively faster increase in variance, and
the progressively slower increase in the fraction of
samples with insects that occurred as insect pop-
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Fig. 2. Plot of the combined-data models in Table
1 (top) and Table 2 (bottom) with the 95% confidence
and the wider 95% prediction intervals. The confidence
limits for variance-mean model were too narrow to be
seen on a logarithmic scale ranging from +4% of mean
at one insect per sample to £10% of mean at both ex-
tremes.

ulation density increased, can both be explained
by a purely probabilistic increase in the chance of
a sample having more than one insect. If the C.
cautella eggs in excess of one in each sample were
ignored, the slope of the logarithm of variance
against logarithm of mean regression was 0.75 in-
stead of 1.18. This indicates that additional eggs
laid in sampling units that already contained eggs
had resulted in the variance increasing faster than

Table 1. Regression models for logarithm of variance
1

against logarithm of mean ber of i ts per P
Inter- 2
Data set n  Slope cept Is
1. Hagstrum et al. (1985) 539 1.32 0.061 0.8489
2. Hagstrum (1986) 357 143 034 0.8826
3. Lippert & Hagstrum (1987) 190  1.69 053  0.9424
4. Meagher et al. (1986} 73 161 051 0.9272
5. Smith (1985) 165 133 048 0.9070
6. Cadra cautella® 136 1.13 0.68 0.9377
7. Tribolium castaneum 204 117 039 09145
Combined data 1,718 132 032 08587

2 The regression model for groups of females was not signifi-
cantly different from model for densities simulated by -overlaying
data for individual females (Fiag 135 = 0.0073; P < 0.005).
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Table 2. Regr dels for per age of pl
with insects against mean ber of i ts per pl

Data set n A Bs C* r

Hagstrum et al. (1985) 96 0.29 277 041 09347
Hagstrum (1986) 176 0.32 260 021 08353
Lippert & Hagstrum

(1987) 368 0.52 1.41 011 0.8645
Meagher et al. (1986) 100 055 012 070 0.8932
Smith (1985) 240 0.30 070 090 0.9270
Cadra cautella 137 0087 174 036 0.9762
Tribolium castaneum 282  0.19 118 0.32 0.9591
Combined data 1,406 0.31 1.86 023 0.8953

¢ These are coefficients in the double-logarithmic model q =
1 —[A exp B + (1 — A)exp=Cr}

the mean, i.e, slope >1. The progressively slower
increase with density in the fraction of samples
with eggs was also a result of an increase in the
percentage of eggs being laid in sampling units
that already contain eggs. The percentages of eggs
laid in sampling units that already contained eggs
were 53, 55, 59, 65, and 72 with 1, 2, 4, 8, and 16
females laying 221, 435, 870, 1,742, and 3,485 eggs,
respectively. Similar calculations could be made
for data from other studies. However, we used the
data for C. cautella because with these data the
possibility of density-dependent changes in moth
behavior explaining the results was eliminated by
overlaying egg distributions of single females to
increase density. These data clearly demonstrate
that the changes in variance and the percentage of
samples with insects are a result of purely proba-
bilistic changes in the chance of a sample having
more than one insect.

Discussion

The similarity of sampling statistics for a variety
of stages and species of insects, sampling devices,
locations in the marketing system, and types of
grain indicates that a single model might be used
with confidence in many situations. The diversity
among the seven studies considered in this paper
can be characterized as follows. New data for T.
castaneum represented all developmental stages.
Data from Smith (1985) included larval and adult
stages of C. ferrugineus and data from Hagstrum
et al. (1985) and Hagstrum (1986) include adult
stages of nine species and larval stages of two species.
Overall, 14 species of insects were represented in
the combined data set. Grain sampling techniques
included a scoop inserted into grain stream leaving
the elevator (Smith 1985) and a grain trier (Hag-
strum et al. 1985, Hagstrum 1986), deep bin cups
or probe traps (Lippert & Hagstrum 1987), and
commercial pneumatic grain sampler (Meagher et
al. 1986) in storage bins at the farms. Types of
grain included wheat, grain sorghum, oats, barley,
and flax.

Alternatively, some of the differences among the
seven studies favor the use of different models in
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Fig. 3. The theoretical probabilities of detection (top)
and accuracies of estimates expressed as percentage of
mean (bottom) predicted by combined-data models for
sampling rates ranging from an examination of 0.0009-
0.09% of wheat for insects. Predictions are given for
infestation levels (insects per 0.5-kg sample) indicated
by numbers below each curve.

different situations. Variance in insect numbers in-
creased faster relative to the mean when sampling
devices such as the deep bin cup, probe trap, and
pneumatic sampler were used to sample grain at
a single point in the bin than for the trier, which
sampled grain from a 1.27-m transect. Also, in the
homogeneous laboratory environment, the increase
in variance relative to the mean was lower for T.
castaneum and C. cautella than in other studies.
In an earlier paper, Hagstrum et al. (1985) used
the relationship between the mean number of
stored-grain insects per sample and variance or
percentage of samples with insects to calculate the
number of samples needed to estimate infestation
level or probability of detection. The equations
used to calculate the number of samples required
for detection or estimation can also be used to cal-
culate changes in the probability of detection or
the accuracy of estimates as the percentage of wheat
that is examined for insects is increased (Fig. 3).
Hagstrum (1987) used one of these equations to
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calculate the changes in the accuracy of estimates
when sampling a growing insect population with
a fixed number of samples. The expected accuracy
of the estimate (c) expressed as a percentage of the
mean was calculated by solving an equation from
Ruesink & Kogan (1982) for ¢

Fh—2
c=100t, \ /£ 1)
n

where n is the number of 0.5 kg samples or the
percentage of wheat examined for insects/f, f is
the percentage of 1,000 bushels (35,240 liters) rep-
resented by a 0.5-kg sample or 0.0018, ¢ is the value
of t distribution for confidence limit «, a is the
antilogarithm of intercept, and b is the slope of the
regression of the logarithm of the variance against
the logarithm of the mean (). The probability of
detection (P) can be calculated from the binomial
distribution

P=(1~q) @

where n is the number of 0.5 kg samples or the
percentage of wheat examined for insects/f, f is
the percentage of 1,000 bushels (35,240 liter) rep-
resented by a 0.5-kg sample or 0.0018, and q is the
probability that a sample will have at least one
insect. The value of q can be calculated from the
double-logarithmic model, ¢ = 1 — (A exp™ +
(1 — A) exp ~%). The double-logarithmic model
mechanistically explains the distribution of insects
over an area as a two-stage process. The first stage
is a logarithmic increase in the number of sampling
units occupied as insect density increases. The sec-
ond stage is a logarithmic increase with increasing
density in the number of sampling units with more
than one insect, which also reduces the rate at
which additional sampling units become occupied.

As the percentage of wheat examined for insects
increased, the probability of detection and accu-
racy of estimate improved (Fig. 3). Both depended
upon the density of insect infestation. The im-
provements in detection resulting from increased
sampling intensity decreased as the percentage of
wheat examined for insects increased. At densities
of 10 insects/0.5 kg., there was little improvement
in detection when more than 0.00009% (0.025 kg/
1,000 bushels) was examined. At all densities, the
accuracy of estimates was improved less by each
additional increase in the amount of wheat ex-
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amined for insects. Each 10-fold increase in sam-
pling intensity increased the accuracy of estimates
3-fold.

In this paper, sampling statistics are shown to be
similar for a variety of stages and species of insects,
sampling devices, locations in the marketing sys-
tem, and types of grain. The similarity is perhaps
a result of the changes with increasing density in
both variance and percentage of samples with in-
sects being explained mechanistically by the same
simple two stage process in all seven studies. Sim-
ulation studies showed that improvements in de-
tection with increased sampling intensity de-
creased as the percentage of wheat examined for
insects increased, and that each 10-fold increase in
sampling intensity increased the accuracy of esti-
mates only 3-fold. These insights will allow us to
plan more reasonably sampling strategies for eco-
logical studies and pest management programs.
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