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ABSTRACT A stratified sampling plan demonstrated that pattern of distribution of insects
among nine regions of a bin (center and edge or midway in four compass directions) differed
between bins of wheat. Within a bin, variation between two samples taken at a site was
generally the largest, followed by variation between regions and then variation within a
region between two sites 30 cm apart. The five most common species were most abundant
in the center of the bin and another four species were most common along the bin wall.
The negative binomial best described distribution of all species and variance increased more
rapidly than the mean. Probability of detection increased with density, although progres-
sively more slowly as density increased. Increase in number of samples with insects as a
function of increasing density was apparently reduced by a disproportionate increase in
number of insects per sample as density increased. Sampling effort required for detection
or estimation of abundance was modeled as a function of insect density, sample-to-sample
variation, and acceptable accuracy or confidence levels.

WHEN SAMPLING TO detect or estimate insect pop-
ulations, the distribution and abundance compo-
nents are so interrelated that an accurate assess-
ment of insect presence or absence and estimations
of abundance are only possible when distribution
patterns are considered. Most surveys of insects
infesting stored grain have recognized this un-
evenness by taking several samples, but have then
pooled samples and ignored sample-to-sample
variation (Storey et al. [1983] and references cited
therein are examples). Studies of populations in
commercial-size storage bins such as those by Smith
(1978) and Meagher (1982) have characterized the
large-scale distribution pattern of insects within a
bin, but have not determined statistical distribu-
tion of insects among samples. For laboratory pop-
ulations of two species, Sitophilus granarius (L.)
and Plodia interpunctella (Hiibner), analyses of
statistical distributions have quantified the degree
of unevenness (Andersen 1965, Arbogast and Mul-
len 1978).

Detection/estimation models relating necessary
sampling effort to insect abundance are derived
here from an analysis of insect distribution in bulk-
stored wheat. These analyses identify primary
sources of sample-to-sample variation, character-
ize insect distribution, and model the relationships
between insect abundance, probability of a sample
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containing an insect, and the number of samples
needed.

Materials and Methods

The numbers of each insect species in 0.5-kg
samples of wheat taken with a grain trier (Seed-
boro 1.27-m open-end spiral probe) from the top
meter of four bins (5.8 or 6.4 m diam) of 82-122
t capacity (3,000-4,500 bushels) were determined
on two farms, one near Enterprise, Kans. (bins A
and B), and the other near Manhattan, Kans. (bins
C and D). Insects were separated from the wheat
with an oblong-hole grain sieve (0.18 by 1.27 cm,
Seedboro) and removed from the sievings with aid
of a dissecting microscope. On three occasions, sets
of 36 samples each were taken from the same 18
sites within each bin between 22 October 1983 and
6 January 1984. Nine regions located in three con-
centric zones with one in the center of the bin,
four at compass points along the bin wall (edge)
and four at compass points midway between cen-
ter and edge zones were sampled at two sites from
each of which two samples 30 cm apart were tak-
en.

The Statistical Analysis System (SAS Institute,
Inc. 1982) was used to calculate and compare
means, calculate frequencies of association, esti-
mate variance components, and fit regression
equations. Models in Fig. 1 were compared using
model comparison procedures of Draper and Smith
(1981). A FORTRAN program from Gates and
Ethridge (1972) was used to fit frequency distri-
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Table 2. Partitioning of sample-to-sample variation in the insect population densities in bulk stored wheat among

five levels of stratification
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% contribution to variation®

Species Bin: Regi i
. . . — egion— Bin- .

Bin Set Bin-Set  Region Region Set  Region-Set Area Site Total

C. ferrugineus 27.7¢ 0.4 0 19.4¢ 1172 0 0.6 3.1 371 0.795
O. surinamensis 78.6° 0 0.03 18 4.2 0 3.4 23 9.7 2.378
R. dominica 6.6 0 0.09 109 48.4¢ 21 0 115 20.3 0.566
T. castaneum 49 0.03 03 1.5 57.5¢ 0.9 48 5.8 24.7 0.583
A. advena 16.1¢ 1.0 0 15 5.6 10.3¢ 18.14 0 473 0.379
T. stercorea 26.1¢ 0.5 0 8.72 4.2 0 338.59 11 26.0 0.233
P. interpunctella 0 0.2 0 11.1¢ 13.7¢ 0 78 0 67.3 0.335
T. glabrum 15.3¢ 0 0.1 2.0 43.02 0.8 0 0 38.8 0.235
Hymenoptera 62.6% 0.02 0.07 5.9¢ 8.6% 0 29 17 18.2 0.919
Total 51.6% 0 0.02 18.3¢ 11.82 0.9 5.82 14 15.6 1.587
4 28.9 0.21 0.061 7.6 20.9 1.5 7.6 2.6 30.5 0.801
SD 26.6 0.33 0.093 6.1 20.4 3.2 10.5 3.5 17.4 0.687

¢ Variance component significant at the 1% level after cubed-root transformation. Analysis is based upon all 432 samples.

+ bin-set-region %
SR
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where S, R, A, and N represent the number of
samples for sets, regions, areas, and sites within an
area. Increasing S or R sampled would reduce the
largest number of variance components but in-
creasing the number of regions sampled would be
most effective at reducing the most influential
variance components.

The distribution pattern differed among species
and locations. For the five most abundant species
and total insects, densities were significantly higher
in the center zone than elsewhere, but for the oth-
er species, densities were highest in the edge zone
(Table 1). Adult Oryzaephilus surinamensis (L.)
occurred more frequently than expected by chance
in samples containing the other four most abun-

dant species, and Ahasverus advena (Waltl) oc-
curred more than expected with the other fungus
feeder, Typhaea stercorea (L.) (Table 3). In nine
cases, mainly with the most abundant species, the
numbers of one species present were correlated
with the numbers of another. Furthermore, live
and dead insects were generally found together
and in proportional numbers.

The distribution patterns of each of the nine
species or all insects disregarding species can be
further characterized for each of four bins by fit-
ting statistical frequency distributions to the num-
bers of insects of that species in each of the 108
samples taken from a bin. The negative binomial
distribution most consistently fit the data with k
ranging from 0.075-5.49 (mean = 1.18) (Table 4).
Of the 40 possible distributions, 9 could not be
fitted because they had 4 or fewer frequency classes
and another 5 (O. surinamensis in bin C or total
insects for each of four bins), because there were
too few observations in each frequency class.

Table 3. Percentage of samples from bulk-stored wheat that have both species present of a pair being compared

or both live and dead insects of a single species

Species
. Live vs
Species dead C. ferru- O.surina- R.domi- T.casta- Hymenop- P.inter- T.gla- A ad T. ster-
gineus mensis nica neum tera punctella  brum : corea
C. ferrugineus 40° — 374 27 262 36° 24 18 18 22
O. surinamensis 459 372 — 32 314 53¢ 23¢ 15 5¢ 4
R. dominica 35° 278 32 —_ 27 33 11 4 7 6
T. castaneum 11 267 31¢ 27 — 254 18 18 7 9
Hymenoptera — 36° 53¢ 33 252 — 21 18 9 11
P. interpunctella 13 24 23¢ 11 18 21 — 23 20 27
T. glabrum 29¢ 18 15 4 18 13 23 — 16 15
A. advena — 18 5@ 7 7 9 20 16 - 34
T. stercorea — 22 4 6 9 11 27 15 34 —

If insects were randomly distributed, one would expect 25% of samples not to have insects, 50% to have one of two species, and
25% to have both of these two species. Therefore, coincidence of any species pair in more than 25% of the samples in which elthe.r
was present could represent a species association. Percentages calculated for 73-384 samples which had at least one species of a pair

being compared present.

4 A significant (P < 0.01) correlation between the numbers of one species present and the number of the other or between live and
dead of the same species exists. Comparisons are based upon 11-1538 samples.
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Fig. 1. Regression of logarithm of variance (Y) against logarithm of mean (£) numbers of insects in samples
from bulk-stored wheat. For region or bin means and species, letters on graphs are generally coded by the first
letter of genus or order name of species they represent except for T. glabrum (D) and T. stercorea (Y), but where
large numbers of points have the same coordinates, the numbers of points are given. For total means, A, B, and C
represent one, two, or three data points at coordinates. The models differed significantly between bins (F = 1.12;
df = 532,538; P < 0.005) zones, (F = 10.4; df = 534,538, P < 0.005), and species (F = 4.6; df =522,538; P <

0.005).

Another 6 of the remaining 26 fit only after being
truncated to omit samples with >15 insects per
sample. Aggregations of >15 insects per 0.5-kg
sample of wheat occurred at only 1.9% of the sites
sampled, and 81% of these were in the center,
representing one of seven sites.

Another way of characterizing insect distribu-
tion patterns is the regression of the logarithm of
variance against the logarithm of the mean num-
ber of insects per sample. The within-region vari-
ances increased more rapidly than the regional
means and this relationship varied between bins,

zones, and species (Fig. 1). The scatter of points
was reduced and the slope and intercept increased
when regional means were used to calculate means
and variances for each of three sets of samples
from each of the four bins. Ignoring species when
calculating regional means and variances also in-
creased the slope, but reduced intercept. These
changes in the slopes and intercepts were a con-
sequence of lower variances below 0.3 and 10 in-
sects per 0.5 kg, respectively. The slopes calculated
by species and bin were not significantly correlat-
ed with k (r2=0.0112, n =26, P = 0.61) (Table
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Table 4. Variation between species in the fit between observed data and various models
No. of bins fitting distribution
Species Negati Loga- . . -
gative e Neyman Poisson Poisson . Positive
binomial rithmic type A Thomas binomial w/zero Poisson binomial
w/zero
C. ferrugineus 4 8 4 3 3 1 1 1
T. castaneum 3 3 3 3 3 3 4 3
Hymenoptera 3 3 3 3 1 2 1 1
P. interpunctella 4 4 3 3 3 3 0 0
O. surinamensis 2 2 1 0 0 0 0 0
A. advena 2 2 1 1 1 1 0 1
T. glabrum 2 2 1 1 1 1 0 1
R. dominica 4 3 2 1 1 1 0 0
T. stercorea 2 1 1 1 1 1 1 0
Total 26 23 19 16 14 13 7 7

“Slope of the regression of logarithm of variance against logarithm of mean.

4), but both were significantly correlated at the 5%
level with means (2 = 0.2340 and 0.1885, n = 26,
P =0.027 and 0.012) (Table 1).

The probability of detecting an infestation equals
the fraction of samples with that species present.
This increased with density, although progressive-
ly more slowly as density increased (Fig. 2). Two
models shown in Fig. 2 each fit the data for the
nine species in the three concentric zones of each
of the four bins. The models indicate that a species
was present in 1, 5, 10, 25, 50, 75, and 90% of
samples when densities averaged 0.01, 0.05, 0.1,

0.3, 0.9, 2.6, and 5.4 insects per 0.5-kg sample of
wheat.

Discussion

A model of the sampling effort required as a
function of insect density, sample-to-sample vari-
ation and acceptable accuracy or confidence levels
is presented in Fig. 3. The numbers of samples
required for detection or estimation were inverse-
ly related to insect density. Utilization of regional
means to calculate bin average at densities below
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Fig. 2. Increase in fraction of samples from bulk-stored wheat with insects (Y) as a function of the mean

number of insects per 0.5-kg sample (£). Letters on graphs are generally coded by the first letter of genus or order
name of species, except for T. glabrum (D) and T. stercorea (Y), and each point represents the mean of samples
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Table 4. Continued
Bin A Bin B Bin C Bin D
No. of No. of No. of No. of
samples k Slopes samples k Slopes samples k Slopes samples k Slope#
105 1.27 1.69 98 4.29 1.79
108 0.21 1.36 108 421 1.34 102 1.41 1.38 108 5.49 0.91
108 0.29 1.29 108 0.27 1.22 96 1.47 1.16 — — —
108 0.65 1.11 108 0.45 1.16 86 3.86 1.30 — — —
— — — 108 0.45 1.34 108 0.38 145 108 1.09 1.05
108 0.71 1.19 108 0.69 0.83 — — — 108 0.94 1.50
— — — 108 0.30 0.94 — — — — — —
108 0.13 1.23 101 0.075 1.41 108 0.50 1.24 — — —
108 0.21 1.16 108 0.63 1.34
108 0.39 1.50 108 0.33 0.93 — — — — — —

0.3 insects per 0.5 kg of wheat (in practice taking
larger samples) or total numbers of insects ignor-
ing species below 10 insects per 0.5 kg of wheat
reduced the number of samples needed by reduc-
ing the sample-to-sample variation. Equation 4 in-
dicates that sampling more regions also would re-
duce variation and, thus, the number of samples
needed more than increasing the number of sam-
ples within a region. The unpredictable distribu-
tion of insects among regions also favors sampling
more regions and the significant differences among-
zones favors allocating sampling effort among zones
in proportion to their area. More accurate esti-

NO. OF SAMPLES REQUIRED

mates within 10 or 4% of mean can be attained by
increasing 4- or 25-fold, respectively, the number
of samples suggested in Fig. 3 for 20% accuracy.
Decreasing the number of samples 4- to 25-foid
will give estimates accurate within 40 or 100% of
the mean, respectively. The number of samples
required to be 95% confident of detection at spec-
ified density dropped off more rapidly than the
other curves for estimation of insect density. De-
tection of infestations above 0.3 insects per 0.5 kg
(17 insects per bushel) should require only 11 sam-
ples, representing only 0.02% of 900 bushels (24,489
kg) of wheat, roughly the amount stored in the top
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Fig. 3. Model of sampling effort required (Y) for detection or estimation of insects in bulk-stored wheat as a
function of the mean number of insects per 0.5-kg sample (£). The four curves are based upon bin (B), regional
(R), or total (T) mean models from Fig. 1 or the detection model (P) from Fig. 2. The numbers above selected
points on each curve represent the number of samples required.
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meter of the bins sampled. However, with 10- to
70-fold increase per month population growth rates
possible (Howe 1965), wheat must either be sam-
pled often or populations must be discovered at
lower densities.

Insect densities can be estimated on the basis of
presence or absence (Gerrard and Chiang 1970)
by solving for the mean in the equations given in
Fig. 2, but such estimates are practical over only
a narrow range of densities. At low densities too
many samples are required and at high densities
the fraction of samples with insects increases pro-
gressively more slowly, resulting in poor resolution
above one insect per 0.5 kg of wheat. The tenden-
cy for the fraction of samples to increase progres-
sively more slowly as density increases may be ex-
plained by a purely probabilistic increase in the
chance of more than one insect being present in a
0.5-kg sample of wheat. Thus, with the double
logarithm model, the logarithmic increase in the
number of samples with insects as a function of
increasing density is reduced by the logarithmic
increase in the number of samples containing ad-
ditional insects as density increases. The logarith-
mic increase in the number of samples with more
than one insect also results in the variance increas-
ing faster than the mean. Like the second loga-
rithmic term in the double logarithmic model, k
in the formulation of the 0 term of the negative
binomial distribution also makes adjustments for
the progressively slower increases in the number
of samples with insects as density increases. The k
of 1.81 in Fig. 2 is similar to the mean k of 1.18
for fitted distributions in Table 4. With the above
mechanism, no habitat-selecting behavior is nec-
essary to explain the majority of statistical aggre-
gation, although such behavior may explain the
high degree of aggregation at 1.9% of sites omitted
in fitting some of the negative binomial distribu-
tions.
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