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Use of Double Sample Plans in
Insect Sampling with Reference to the Colorado
Potato Beetle, Leptinotarsa decemlineata
(Coleoptera: Chrysomelidae)

JAN P. NYROP' AND ROBERT ]. WRIGHT?

Environ. Entomol. 14: 644-649 (1985)

ABSTRACT When used in a pest control decision-making context, protocols for obtaining
sample information on insect numbers can be evaluated via three properties: the operating
characteristic (OC), the average sample number (ASN), and the availability of methods for
calculating the OC and ASN. On the average, sequential sample plans have lower ASN’s,
and OC'’s are comparable to fixed sample-size procedures. The two most commonly used
sequential procedures for insect sampling are Wald’s probability ratio test and a test pro-
posed by Iwao. Each of these methods has limitations. An alternative to sequential proce-
dures is double sampling. Double sample plans developed for the Colorado potato beetle,
Leptinotarsa decemlineata (Say), on Long Island, N.Y., have OC’s comparable to a modified
form of Iwao’s sequential method and fixed sample size methods. They also have ASN’s that
at times are lower than those of the sequential method.

A BASIC TENET of pest management is that pesti-
cides should be used to control pests only when
needed. Decisions with respect to the need for con-
trol are often based on sample data from which
an estimate of a population parameter is calculat-
ed and an inference about a population parameter
is made. The set of all possible inferences map into
a set of pest-control decisions. In this way, a de-
cision is reached for any inference drawn.

As with all decision making under uncertainty,
incorrect pest-control decisions can be made. One
source of error arises from incorrect estimation and
the consequent drawing of an incorrect inference.
With no restriction on sample size, this source of
error can be eliminated if estimators are unbiased.
However, a tradeoff must usually be made be-
tween the cost of making an incorrect decision
based on the sample data and the cost of data
collection.

When used in a decision-making context, all
sample plans can be evaluated via three proper-
ties. The first property is the operating character-
istic (OC). Formally, this is defined in the context
of hypothesis testing as the probability of accept-
ing a null hypothesis given any simple hypothesis
(Placcept H,| H, with H;:u = q] where p is the pop-
ulation mean and q is a specific value of the mean).
However, when used in decision making this is
also a property of sample plans that yield param-
eter estimates (e.g., fixed sample size procedures)
since these estimates are used to make decisions
and one decision can be considered the null hy-
pothesis. Ideally, sample plans minimize the prob-
ability of making incorrect decisions.

! Dept. of Entomology, New York State Agric. Exp. Stn., Ge-
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The second property is the average number of
samples (ASN) required to terminate the sampling
process given any true population parameter. Ob-
viously, it is desirable to keep the ASN as low as
possible subject to constraints of the OC.

The final property is the availability of methods
for easily determining the OC and ASN. Without
such methods it is impossible to judge the relative
worth of sample plans in a decision-making con-
text.

In insect sampling, most sample plans based on
hypothesis testing are sequential. Wald’s sequen-
tial probability ratio test (SPRT) (Wald 1947) and
a test proposed by Iwao (1975) are used most often.
In general, sequential hypothesis tests have lower
ASN’s, and OC’s are comparable to fixed sample
size procedures based on estimation. However, the
SPRT and Iwao’s procedure have limitations.

Use of the SPRT assumes that sample data can
be described by a probability model with one un-
known parameter. This assumption cannot often
be met and its violation can lead to unpredictable
changes in the OC and ASN.

Iwao’s procedure is founded on a mean variance
relationship

o* = g(n) (1)

where g represents some function. Such a relation-
ship can often be found. However, the OC is dif-
ficult to specify a priori and both the OC and ASN
must be determined via simulation once a sample
protocol has been constructed (Nyrop and Sim-
mons 1984).

Double sampling is an alternative to sequential
hypothesis tests with somewhat different proper-
ties that is not encumbered by some of the previ-
ously mentioned difficulties. It has been used ex-
tensively in quality control (Cowden 1957). In this
paper we review the basis for constructing double
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Table 1. Dispersion of CPB in commercial potato fields as deseribed by Taylor’s (1961) power law (62 = au?),

Long Island, N.Y., 1982-1983

CPB life stage Year logia = 95% CL b + 95% CL r2 n
Adults 1982 0.18 + 0.002 1.11 £ 0.002 0.953 213
1983 0.18 = 0.002 1.11 + 0.003 0.956 165
Combined 0.18 + 0.002 1.11 £ 0.001 0.957 378
Egg masses 1982 0.18 + 0.003 1.11 + 0.003 0.934 217
1983 0.15 = 0.002 1.08 + 0.002 0.968 167
Combined 0.17 + 0.001 1.09 £ 0.001 0.954 384

Small larvae 1982 1.03 + 0.003 1.66 + 0.004 0.954 173
(first-second instar) 1983 1.00 £ 0.004 1.54 + 0.006 0.939 140
Combined 1.01 = 0.002 1.60 + 0.002 0.947 313

Large larvae 1982 0.58 + 0.003 1.43 + 0.004 0.940 177
(third—fourth instar) 1983 0.55 + 0.004 1.85 * 0.006 0.903 144
Combined 0.57 = 0.002 1.40 + 0.002 0.927 321

sample plans and illustrate their use for sampling B, = Pim, < A]

Colorado potato beetles (CPB), Leptinotarsa de-
cemlineata (Say). We compare this double sample
plan via the OC and ASN to plans based on a
modification of Iwao’s sequential hypothesis test-
ing procedure and a fixed sample size estimation
plan.

Materials and Methods

Basis for Double Sample Plans. Two hypotheses
concerning the population parameter of interest
are constructed. In most cases, this parameter is a
mean density (u) and the hypotheses are;

Hyp <D (2
H;:u>D

A sample of n, observations is taken. If the mean
(m,) of this sample is less than or equal to some
A, H, is accepted. A satisfies the condition A < D.
If m, = R, H, is rejected. R satisfies the condition
R =2 D. The mean (m,) is compared with A and R
as opposed to D to guard against incorrect classi-
fication of the population when an estimate of u
has been obtained from n, observations. If A <
m, < R, another sample of n, observations is taken
and a mean (m,) is computed. If (([n,m, + n,m,1/
[n, + n,]) < D, H, is accepted. Otherwise H,, is re-
jected.

The OC is defined as P {accept H, | H, true}. For
a double sample plan sampling a continuous vari-
ate it is

Table 2. Dispersion of CPB in cial p

+ J; f(ml)P[m2 = (D(n, + n,)

- n,m,/n,) dm, (3)

where f() is a probability density function. The
computational form of equation 3 is

B~ fom)dm,

+J: f(ml)H(D(nl + n,)
— (n,m,)/n,] dm, (4)

where F( ) is a cumulative probability function.
The ASN for a double sample plan with H, true
is
ASN, =n, + n,P(A = m, <R) (5)

n, + n,(FIR] — F[A]) (6)

Two difficulties arise when developing a double
sample protocol. First, choosing A, R, n,, and n,
to produce a particular OC and ASN is not
straightforward. Second, f( ) is often unknown.

The second difficulty may be overcome by mak-
ing n, large enough to assume that the Central
Limit Theorem applies to m,. Then f is a normal
distribution with mean u and variance ¢2/n,. The
variance is also usually unknown. However, it can

fields as described by Iwao’s mean crowding (m) regression

(m = a + by), Long Island, N.Y., 1982-1983

CPB life stage Year a + 95% CL b + 95% CL r2 n
Adults 1982 0.156 + 0.008 1.51 + 0.023 0.265 213
1983 0.169 = 0.006 1.47 £ 0.014 0.619 165

Egg masses 1982 0.161 + 0.007 1.68 = 0.025 0.274 217
1983 0.174 = 0.007 1.30 + 0.012 0.634 167

Small larvae 1982 547 + 0.122 4.98 + 0.057 0.494 173
(first-second instar) 1983 7.73 + 0.164 3.13 + 0.062 0.334 138
Large larvae 1982 0.626 + 0.038 3.32 + 0.038 0.488 177
(third-fourth instar) 1983 1.16 =+ 0.040 2.51 + 0.042 0.399 144
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Table 3. Correlations between sample means of CPB
and the normal scores of these means

2 Between sample means and
normal scores of means

Life stage Density

n=15 n=20 n=25

Adult Low 0.986 0.979 0.978
Medium 0.996 0.991 0.998

High 0.990 0.993 0.996

Small larvae Low 0.883 0.921 0.933
Medium 0.948 0.967 0.974

High 0.981 0.985 0.992

Large larvae Low 0.847 0.882 0.931
Medium 0.985 0.978 0.988

High 0.985 0.989 0.994

For each life stage and density, 200 sample means were gen-
erated for each n from a population of counts (n = 300) stored
on a computer. The densities low, medium, and high refer to
insects per 50 vines according to the following scheme: Adults:
low, <15; medium, 15-25; high, >25. Small larvae: low, <75;
medium, 75-200; high, >200. Large larvae: low, <30; medium,
30-75; high, >75.

often be approximated in terms of the mean as in
equation 1.

Double Sample Plans for CPB. Double sample
plans for three stages of the CPB were developed
for use in a pilot integrated pest management (IPM)
program on Long Island, N.Y. This was done in
two stages. First, data were collected with which
to deduce a variance-mean relationship as in
equation 1 and to formulate hypotheses about mean
densities for use as action thresholds. Second, the
OC and ASN for double sample plans were com-
puted and compared to those for other sample
plans.

Samples of CPB were taken at least weekly from
June through August from 12 potato fields in 1982
and 16 fields in 1983. In both years, a single potato
vine was the observation unit. In 1982, 80 vines
per field were sampled on each visit. Vines were
selected in a nested fashion; four vines were se-
lected randomly at each of 20 randomly selected
sites in a field. In 1983, 50 vines (5 vines per site,
10 sites per field) were sampled. All aboveground
CPB life stages were counted and categorized into

ENVIRONMENTAL ENTOMOLOGY
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the following classes: adults, egg masses, small (first
and second instars), or large (third and fourth in-
stars) larvae.

Average intracluster correlation coefficien
(Jessen 1978) were computed from 20 sets of 198&
data for each of the life stages. These average coef-
ficients were all slightly greater than zero (adults:
0.135; egg masses: 0.056; small larvae: 0.041; large
larvae: 0.160). The correlation coefficient is a mea-
sure of the efficiency of a sample unit when effi-
ciency is measured in terms of the sample vari-
ance. If the coefficient is <0, cluster (groups of
vines per site) sampling is more efficient. Other-
wise, random sampling of the individual observa-
tion units is better. For CPB, random sampling of
individual vines is slightly more efficient in terms
of the variance. However, in terms of time spent
sampling, we have found cluster sampling more
efficient. The mean time needed to sample a single
vine is 26 s (SD = 6.1 s, n = 100) and the average
time needed to travel between sample sites is 37 s
(SD = 18.05, n = 97). To minimize sampling time,
all observations should be taken in one sample lo-
cation. Cluster sampling is a compromise between
minimizing the variance of the population esti-
mate and the time required to sample the popu-
lation.

Results

Estimates of means and variances for each CPB
class were fitted by linear regression to equation 1
by Taylor’s power law (Taylor 1961) and Iwao’s
mean-density/mean-crowding relationship (Iwao
1968). Parameters for these relationships were es-
timated for each of the 2 years and for both years
combined (Tables 1 and 2). The parameters esti-
mated for Taylor’s relationship are similar to those
reported by Harcourt (1963) and Logan (1981).

Taylor’s power law provided a better descrip-
tion of the relationship between the mean and
variance than did Iwao’s method. With Taylor’s
power law, the parameter estimates for each year
were generally consistent with each other. Hence,
parameter estimates used to develop the sample

Table 4. Parameters used to develop double sample plans for three life stages of the CPB

Population mean

Probability of

Life stage Action threshold (D) (A & R) error Irreversible decision
Adults 0.5/vine 0.3 0.057

0.9 0.044
Small larvae 4.0/vine 2.1 0.051

8.0 Always > threshold
Large larvae 1.5/vine 0.9 0.047

2.7 0.061

Small larvae are first and second instars and large larvae are third and fourth instars. The action threshold is the density of beetles
for which control should be initiated. The column titled population mean is the mean (u) for which one of two conditions is met.
Either this is the mean for which the probability of classifying the population incorrectly (probability of error) is ca. 0.05 when 25
samples are taken, or the sample estimate of m for which a different decision with respect to the action threshold cannot be arrived
at given another 25 samples. Probabilities of error were computed using a normal probability model. The action threshold is the
parameter D and the population means are the parameters A and R of a double sample plan.
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Table 5. Incidence of CPB above action thresholds in
commercial potato fields, Long Island, N.Y.

NYROP AND WRIGHT: DOUGLAS SAMPLE PLANS

1982 1983
CPB Stage
% n % n
Adults 12.7 213 24.8 165
Small larvae 6.4 173 13.6 140
Large larvae 85 = 177 12.5 144

The action thresholds per vine are adults, 0.5; small larvae, 4.0;
and large larvae, 1.5.

plans were based on the pooled 1982 and 1983
data.

On Long Island, CPB control decisions are based
on counts of adults, small larvae, and large larvae.
Action thresholds for these life stages were devel-
oped based on correlations of damage and CPB
densities. Although these thresholds are undoubt-
edly conservative, they are useful as a first ap-
proximation until better thresholds are available.
The thresholds for the different life stages are as
follows: adult, 0.5 per vine; small larvae, 4.0 per
vine; and large larvae, 1.5 per vine. Based on these
thresholds, the null and alternate hypotheses con-
cerning the mean density for each lifestage were
formulated by substituting the action threshold for
D in equation 2. Acceptance of the null hypothesis
leads to a no-control decision.

Double sample plans were developed for each
life stage in the following manner. Correlations
between means and the normal scores of these
means were generated to test the assumption of
normally distributed sample means based on sam-
ple sizes of 15, 20, and 25 observations (Table 3).
This was done by generating 200 random means
for each sample size from the raw CPB count data
and then determining the normal scores of these
means. Based on these correlations, n, was set to
25 for each life stage. Based on the OC for a fixed
sample size procedure, the cost of making an in-
correct decision, and the cost of collecting sample
data, it was decided that a maximum of 50 sam-
ples would be taken. Hence, n, was set to 25. The
probability of making an incorrect decision based on
25 samples (P[m, > D|p < D]or P[m, < D|u = D))
was computed using a normal model for a set of
population means (u) for each life stage. The pa-
rameters A and R were then selected as either the
densities (1) for which these probabilities were ca.
0.05, or as the sample estimate of u, for which it
was impossible to reach a different decision given
another n, samples. Note that in the first case we
are determining the u for which these conditions
are met and then substituting these values for A
and R. The n, sample estimates are then compared
with these values. This information is summarized
in Table 4 for each life stage.

The OC and ASN for the double sample plans
were computed using equations 4 and 6. The func-
tions f() and F() in these equations are normal
density and normal cumulative probability func-
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tions. In equation 4, each was approximated with
a polynomial (equations 26.2.18 and 26.2.20 in
Abramowitz and Stegun [1972]).

Discussion

The three double sample plans developed were
compared to sequential plans developed with a
modified version of Iwao’s (1975) procedure and
with a fixed sample size of 50 observations. Iwao’s
procedure was modified two ways. First, 25 sam-
ples were drawn from the population before com-
paring the sample observations to the sequential
stop boundaries. This was done to ensure that the
count of total CPB (T) found in 25 samples could
be approximately described with a normal density
function. Commencing with the 25th sample (n =

—=double sample- - = sequential — - =fixed
].OT
.84+
o5t
¢ 4+ Smoll Larvae
2+

K 35 40
MEAN
1.0+
.8+
61
o -
C.4._ Adults
2+
L R U S N R R S R S
.0 R) 2 3 4 5 6 7 .8 9 10
MEAN
Fig. 1. OC of double sample plans, sequential sam-

ple plans, and fixed sample plans (n = 50) for three life
stages of CPB. Small larvae are first and second instars
and large larvae are third and fourth instars.
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—=doubl fe - - = tial
= P ial

Small Lorvae .

Adults

3 4 5 6 7 8 9 10
MEAN

Fig. 2. ASN of double sample plans and sequential

sample plans for three life stages of CPB. Small larvae

are first and second instars and large larvae are third
and fourth instars.

25), T was compared with two functions. If T <
D — 1.96(ng[DY))%, H, was accepted. If T =D +
1.96(ng[D))*, H, was rejected. Otherwise, another
sample was taken until 50 samples had been taken.
If this last criterion was met, a mean based on 50
samples was computed and compared with D. If
the mean was <D, H, was accepted. Otherwise, it
was rejected. The limit of 50 samples and decision
making based on a sample mean constituted the
second modification.

For the fixed sample size plan, a mean based on
50 samples was compared with D. If this mean
was <D, H, was accepted. Otherwise, it was re-
jected.

The OC and ASN curves for the sequential pro-
cedure were generated by simulating 2,000 sam-
ples for a set of means from each life stage class.

ENVIRONMENTAL ENTOMOLOGY
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Individual counts of CPB were generated from a
negative binomial distribution with k specified as

k=u/(o® — u2). ]

The OC for the fixed sample size procedure was
calculated for any g, as

B, = F(D). (8)

The OC and ASN for each sample plan are
shown in Fig. 1 and 2. The OC'’s for each plan are
similar. When mean densities exceed the action
threshold, the sequential and fixed sample size
procedures are slightly better than the double sam-
ple plan. This is most noticeable for the small lar-
vae. When the mean densities are less than the
action threshold, the double sample plan performs
slightly better than the sequential procedure. In
terms of the ASN, the double sample plan requires
fewer samples, on the average, than the sequential
procedure with lower densities and the converse is
true at higher densities. Therefore, if densities less
than the action threshold are encountered most
often, the double sample plan will be more parsi-
monious with respect to sample size. The reverse
will be true if densities greater than the action
threshold are encountered most frequently.

Data from 1982 and 1983 indicate that CPB
densities are below the action threshold more often
than they are above it (Table 5). Provided that this
relationship does not change dramatically in fu-
ture years, the double sample plan will be a more
powerful and parsimonious sampling procedure to
use. In 1984, the sample plan was used in a pilot
IPM program on Long Island. In 65% of the fields
scouted (n = 368) a decision was reached after 25
vines were sampled. This indicates that the pro-
portions listed in Table 5 did not greatly change
in 1984. )

Double sample plans provide an alternative to-
sequential and fixed sample size plans when sam-
pling for decision making. For CPB, double sam-
ple plans perform as well in terms of the OC asa
fixed sample size procedure and a modified ver-
sion of Iwao’s (1975) sequential procedure. The
double sample plans were always better in terms
of the ASN than the fixed sample size procedure
and, depending on the mean density of the CPB
population, slightly better or slightly worse than
the sequential procedure. Providing that the Cen-
tral Limit Theorem holds for the means computed
after the first sample of n, observations and that a
good prediction of the variance can be made based
on the mean, the OC and ASN of double sample
plans are easily computed. Unfortunately, speci-
fying the parameters of a double sample protocol
to achieve a desired OC is not easily done. The
method we employed to develop double sample
plans for the CPB is general and provides a first
step in designing double sample plans with a de-
sired OC. Further changes in the OC and ASN
must be made via trial and error changes in the



October 1985

parameters of the plan. Unfortunately, no easy to
follow formula is available for relating a particular
change in the OC or ASN to changes in any one
or combination of these parameters. The same is,
of course, true with Iwao’s (1975) sequential pro-
cedure. The OC and ASN for double sample plans
are easier and less time-consuming (on a comput-
er) to calculate than those for Iwao’s procedure.
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