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ABSTRACT Sequential sampling plans were developed for use in recommending control of
European corn borer, Ostrinia nubilalis (Hiibner), in potato, Solanum tuberosum L., fields
based on the distribution of damaged stems. Likelihood ratio tests indicated that the beta-
binomial distribution (aggregated) provided a better fit than the binomial (random) when the
mean percentage of damaged stems in a field was ~6'1'0, but not when damage was <6%.
Similarly, variance-ratio (D) and eta) tests indicated that damage was aggregated generally at
damage levels ~6'1'0.Because the slope (b) :t SEM of the binary form of the Taylor power
law (1.15 :t 0.05) (total of 41 fields) revealed moderate overdispersion, and a weak linear
relationship existed between the index of aggregation (0) and p, sequential sampling plans
were evaluated under various degrees of aggregation. The precision and practicality of the
sequential sampling plans were evaluated through calculation of operational characteristic and
average sample number functions for both simulated binomial and beta-binomial distributions.
Precision of the sequential sampling plans decreased as the aggregation of O. nubilalis damage
increased, especially when the proportion of damaged stems was near threshold. However,
precision increased dramatically if fields near threshold were sampled more than once. Be-
cause, in practice, potato fields near threshold are sampled repeatedly, the sampling plans
were considered acceptable. A comparison between the sequential sampling plan and the
conventional sampling plan revealed that control decisions made using the sequential plan
agreed closely with those made by the conventional plan, and averaged 57% fewer samples
needed to make the decision.

KEY WORDS presence-absence sampling, binomial and beta-binomial probability distri-
butions, action thresholds, decision making

IRISH POTATO, Solanum tuberosum L., fields in
eastern North Carolina are infested annually by
1st-generation larvae of European com borer, Os-
trinia nubilalis (Hubner), in early May (Kennedy
and Anderson 1981). 0. nubilalis larvae damage
potato by tunneling near the base of stems causing
breakage and lodging during late May and early
June when the potato crop is in the late bloom to
postbloom stages. Because most of the potato acre-
age is harvested in June before a damaging 2nd
generation of 0. nubilalis develops, potato growers
manage only the 1st generation.

Growers average of 1-2 insecticide applications
to manage 0. nubilalis infestations in potato in
eastern North Carolina (Toth 1995). Scouting for
damage in potato is initiated when adult activity is
high, when 2:30 moths are captured in light traps
over 5 consecutive days (Averre and Sorensen
1979). Damage assessment is based on a presence-
absence classification because it is nondestructive
and easier than determining the number of larvae
within the plant. Crop consultants in North Caro-
lina generally recommend an insecticide applica-
tion when 2:10% of the stems show evidence of

tunneling by O. nubilalis larvae. Nault and Ken-
nedy (1996) have shown recently that damaging 0.
nubilalis infestations in potato can be managed ef-
fectively using 1 well-timed application of either
carbofuran or methamidophos applied when 20-
40% of the stems show evidence of tunneling. Be-
cause most growers use these insecticides to con-
trol O. nubilalis damage in potato, a 30% damaged
stems threshold has been recommended (Nault
and Sorensen 1996). Currently, scouts use a sam-
pling plan that requires the inspection of 100 po-
tato stems (10 sites X 10 stems per site) in an 18-
to 30-ha area.

Sequential sampling plans, which are typically
more precise and time efficient than fixed-sample-
size sampling plans, could facilitate scouting for 0.
nubilalis in potato. The development and evalua-
tion of a sequential sampling plan requires knowl-
edge of the spatial distribution of the target pest
or its damage. In the case of O. nubilalis, field
scouts use the incidence of O. nubilalis damaged
stems as an index of the infestation level, and the
spatial distribution of tunneled stems in potato
fields is unknown. Because damage is assessed in
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a binary nature (i.e., stem is damaged or not dam-
aged), and binary data have a different variance-
mean stmcture than enumerative data (Madden
and Hughes 1995), the incidence of damaged
stems may not be appropriately described by the
Poisson, negative binomial and related distribu-
tions (Hughes and Madden 1992, 1993). These dis-
tributions could be used to appropriately fit binary
data only in cases when mean damage levels are
20% or less (Madden and Hughes 1995). Levels of
O. nllbilalis damage in North Carolina potato fields
often exceed 20%. Therefore, probability distri-
butions such as the binomial and beta-binomial
models, which are most appropriate for describing
binary data that are random or aggregated, respec-
tively, were chosen to describe the distribution of
O. ntlbilalis in potato fields.

This study was undertaken to identify the dis-
tribution of 0. 1lllbilalis damage within potato
fields and to develop sequential sampling plans us-
ing different action thresholds (i.e., 10 and 30%
damaged stems) to aid in timing insecticide appli-
cations for managing O. ntlbilalis damage. Sequen-
tial sampling plans were evaluated by the follow-
ing: operational characteristic and average sample
number computer simulations, comparing the con-
trol decisions made by the sequential plan with the
conventional sampling plan, and comparing the av-
erage number of samples required to make a con-
trol decision using the sequential plan with the
conventional plan.

Materials and Methods

Data Collection. In total, 41 commercial potato
fields in 5 counties in eastern North Carolina were
sampled in either Mayor June. The number of
fields sampled within each county were as follows:
Carteret (1), Pamlico (6), Pasquotank (13), Per-
quimans (2), and Washington (19). The year and
number of fields sampled within each year were as
follows: 1991 (8), 1992 (6), 1993 (19), and 1994
(8). Although the cultivar of potato was not re-
corded in each field, most hectares are planted
with either 'Atlantic' or 'Superior' (""85% of total),
and our experience is that both cultivars are equal-
ly preferred by 0. nllbilalis. Conventional com-
mercial production practices were implemented in
all fields.

Twenty sites (site = sampling unit) (N = 20)
were sampled within each field in a systematic
bow-tie progression pattern. These sites were sam-
pled within a I-ha portion of the field. One-half of
these sites were sampled within the first 2-5 rows,
which were adjacent to a field edge that was par-
allel with rows (i.e., 5 sites from each side of the
field). Field edges typically were demarcated by a
drainage ditch, canal, road, or hedge row of trees.
Sites near field edges were separated by at least 45
m. The remaining 10 sites sampled were separated
across rows by 5-10 m and within rows by 30 m.
In total, 10 stems (n = 10) were sampled succes-

sivelywitllin each site (total = 200 stems per field).
Stems were recorded as damaged or not damaged
based on the presence or absence of at least 1 O.
ntlbilalis entry hole. Entry holes made by 1st or
2nd instars were typically at the proximal end of
the compound leaf or on the stem near the prox-
imal end of the leaf. Holes made by late instars
were typically near the base of stems.

Spatial Distribution Determination. Probabil-
ity Model Comparison. Binomial and beta-bino-
mial distributions are both discrete probability dis-
tributions that are appropriate for describing
binary data (Madden and Hughes 1995). If the
pattern of damaged plants within a field is random,
the probability distribution is classified as a bino-
mial, which can be represented as the probability
of damaged stems in a site as:
Pr(X = x) = (n! I[n - x]! x!) (px[1 - p]1l - x) (1)

where each observation is independent, X is the
random variable for damaged stems in a site, x is
a specific value of X (0, 1, ... ), n is the number of
stems examined in a site, and the true proportion
of damaged stems is p (an unknown parameter to
be estimated) (Hughes and Madden 1993). The
expectation of X is np and the variance is np(1 -
pl. In contrast, if the pattern of damaged phmts
within a field is aggregated, the appropriate prob-
ability distribution is the beta-binomial (Hughes
and Madden 1993), which can be written as:

Pr(X = x) = (n! I[n - x]! x!)
. (B[a + x, n + f3 - x]IB[a,f3]) (2)

where B(.,.) is the beta function, and a and f3 are
parameters to be estimated. Furthermore, a and f3
can be written as:

a = pie, f3 = (1 - p)le (3)

where (J (an index of aggregation) is the measure
of the heterogeneity of damaged stems. Here, p
represents the expected proportion damaged. As (J
approaches 0 the beta-binomial reduces to the bi-
nomial, and as (J increases aggregation increases.
For the purpose of calculating the parameters p
and (J, the moment estimates are as follows:

p = min (4)
where m is the estimated mean of X, and

e = (S2 - np[1 - p])/(n2p[1 - p] - 82) (5)

where s2 is the calculated variance of X for the N
sites per field.

Maximum likeliliood estimates of p and (J from
each field, using the moment estimates as initial
values, were determined using the computer pro-
gram BBD written by Madden and Hughes (1994).
This program was developed for fitting and com-
paring the binomial and beta-binomial distribu-
tions, following methods described by Press et al.
(1986) and Skellam (1948), respectively. BBD cal-
culated the expected values for each distribution
and then compared the goodness-of-fit between
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the observed frequency and the expected frequen-
cy of each distribution using a chi-square test at a
significance level calculated using the method by
Gates and Ethridge (1970). A low chi-square sta-
tistic and a high probability value (e.g., >0.05) in-
dicated that the specified distribution was appro-
priate. Alternatively, a high chi-square statistic and
a low probability value suggested that the specified
distribution was not appropriate. All expected val-
ues below 5 were pooled into 1frequency class to
ensure a conservative chi-square test. A single-de-
gree-of-freedom likelihood ratio (chi-square) test
was used to determine if the beta-binomial distri-
bution provided a significantly better fit to the data
than the binomial, as discussed by Williams (1975).

Standard errors of the estimated parameter (0)
were calculated as described by Madden and
Hughes (1994). A t-test was not conducted to de-
termine if 0 was significantly different from 0 be-
cause this test can be overly conservative in de-
tecting departures of 0 from 0 when N is relatively
low (N for each field = 20) (Johnson et al. 1992).
The relationship between (0) and p was described
using simple linear regression analysis using the
procedure PROC GLM (SAS Institute 1990). A
significant linear relationship would indicate that
aggregation increases as the incidence of damaged
plants increases, indicating that the precision and
performance of the sequential sampling plan
should be evaluated over a range of aggregation
values ((}).

Variance-Ratio Test. The index of dispersion (D)
was calculated by the ratio of the observed calcu-
lated variance to the theoretical variance for a bi-
nomial (random) distribution (Fisher 1970). The
equation can be written as:

D = s2/(np[1 - p]) (6)

where np(l - p) is the variance of the binomial
distribution. A chi-square test, where the test sta-
tistic is (N - l)D, with N - 1 degrees offreedom
(Pielou 1977), was determined for significant de-
parture from randomness. A large chi-square value
indicated that tl1e null hypothesis of randomness
was rejected in favor of the alternative hypothesis
of aggregation.

C( a) Test Statistic. The C(a) test statistic, which
uses a standard normal test, is similar to the chi-
square test of D (Neyman 1959), but its alternative
hypothesis is tl1at aggregation is described by the
beta-binomial. The standard normal test statistic
(Z) is determined by:

Z = (n[N -1]D - nN)/(2N[n2 - n])1/2 (7)

This test may be more powerful than the chi-
square test of D because the alternative hypothesis
is specific, and the test is one-sided (Madden et al.
1995).

Binan} Form of the Taylor Power Law. When
data from all potato fields were collected, a binary
form of Taylor power law was used to describe the
relationship between the log of the observed vari-

ance (S2) and the log of tl1e binomial variance (p[l
- P ]/n). The model was derived by Hughes and
Madden (1992) and can be written as:

log (s2) = log (a) + b 10g(p[1 - p]) (8)

when n is constant and the data are represented
as number of damaged stems. Simple linear re-
gression using the procedure PROC GLM of SAS
was used to estimate log (a) and b (SAS Institnte
1990). In this formulation, a = Anb. The inter-
pretation of the slope (b) in this model is similar
to the ordinary Taylor power law (Taylor 1961),
where b = 1 indicates randomness and b > 1sig-
nifies aggregation. At-test, t = (b - 1)1 SEM b,
with N - 2 degrees of freedom and a probability
level of a = 0.05, was used to evaluate the equality
of b to 1 (Steel and Torrie 1980).

Sequential Sampling Plan Development. Sam-
pling stop lines, operational characteristic and av-
erage sample number functions were calculated
using the computer program BETABIN developed
by J. Nyrop (Hoffmann et al. 1996). Stop lines
were derived from the Wald sequential probability
ratio test (Wald 1947) based on a binomial distri-
bution because no test has been developed for the
beta-binomial distribution. The parameters re-
quired for developing these stop lines were po
(proportion of damaged stems below which no
treatment is required) and Pl (proportion of dam-
aged stems above which treatment is required),
and a (type 1) and {3(type 2) error rates. Opera-
tional characteristic and average sample number
functions were determined for both the binomial
and beta-binomial models using simulation. The
operational characteristic function provided the
probability of accepting the null hypothesis of no
intervention or lower classification at any given lev-
el of O. nubilalis damage, (i.e., no recommenda-
tion for an insecticide application to prevent dam-
age from exceeding the action threshold). The
average sample number function represented the
average number of samples needed to make the
classification (i.e., damage is above or below the
action threshold). The sequential sampling plan
was designed such tl1at 10 potato stems (sampling
unit) would be sampled successively from a single
row at each site within a field, and sites would be
sampled until a control decision is made (equaling
or exceeding a stop line), or until a maximum of
10 sites would be sampled per field (100 potato
stems). If no decision could be made after 10 sam-
ples, a subjective decision would have to be made
(e.g., sample at a later date, spray, or do not spray).

Operational characteristic and average samrle
number functions were generated for each 0 2
action thresholds (i.e., 10 and 30% damaged
stems) following the sampling procedure described
above using both binomial and beta-binomial ran-
dom variates as sample observations (Hoffmann et
al. 1996). Beta-binomial random variates were de-
termined using algorithms described by Press et
al. (1986). Three values of () (0.077, 0.151, and
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0.3(7), which corresponded to the median, 75th
and 99th percentile of the Osfrom the 41 fields
sampled (see Results), were selected for the beta-
binomial distribution simulations. The proportion
of damaged stems above and below threshold, the
probability of type 1 and type 2 errors, and the
minimum number of sites to be sampled were var-
ied, so that the most reasonable operational char-
acteristic and average sample number functions
could bt, determined. The maximum number of
samples was fixed at 10 (i.e., 100 stems). One thou-
sand iterations in a Monte Carlo simulation were
used to generate all operational characteristic and
average sample number functions, using the pro-
gram of Hoffmann et al. (1996).

Comparison of Sequential Sampling Plan with
Conventional Sampling Plan. The sequential
sampling plan was compared with the conventional
sampling plan used by commercial pest manage-
ment scouts in the North Carolina potato crop by
examining the extent to which the 2 plans resulted
in disparate classification of the incidence of 0.
IIllbilalis damaged stems as above or below an ac-
tion threshold of 10%. Scouts from a local agri-
cultural consulting company used a sampling plan
that called for sampling 10 stems per site at each
of 10 sites within a field to collect data in each of
114 potato fields in eastern North Carolina during
late April and May 1993 and 1995. The range in
percentage of damaged stems in these fields was
0-35. On the basis of their experience, these scouts
often classified damage levels as above or below
threshold after sampling <10 sites within a field.
The criteria for which sampling was stopped pre-
mahlrely were subjective, but typically occurred
when the level of 0. lIubilalis damage in the field
was well above or below threshold.

Results and Discussion

Spatial Distribution Determination. Probabil-
ity Model Comparison. The chi-square goodness-
of-fit tests for the binomial and beta-binomial dis-
tributions could not be determined for data from
individual potato fields because of the low N
(=20). After pooling to legitimately test goodness-
of-fit, calculated degrees of freedom were either
zero or a negative value. Moreover, in several fields
the total number of damaged stems per site was
zero. All other statistical tests described previously
were performed on data. In particular, the likeli-
hood ratio test indicated that the beta-binomial
provided a better fit of the data than the binomial
in 70% of the fields with ~6% O. nubilalis dam-
aged stems (Table 1). When there were <6% dam-
aged stems, the beta-binomial did not provide a
better fit.

The ma:omum likelihood estimates of (J :!: SEM
for each field are presented in Table 1. There was
a weak linear relationship between values of (J and
p (F = 4.03; df = 1, 31; P = 0.053; Y = 0.05 +
0.25x; R2 = 0.22) for the 32 fields with positive

values of p. Although these results suggest that the
performance of the sequential sampling plan
would not be greatly affected by changes in (J, we
took a conservative approach and evaluated the se-
quential plan under 3 different levels of aggrega-
tion (see Materials alld Methods).

Variance-Ratio Test. Values of the index of dis-
persion (D) for data from each field were signifi-
cantly different from 1 (i.e., aggregated) in 59% of
the fields. Yet, 73% of the fields that had infesta-
tion levels ~6% damaged stems had D values that
were significantly> 1 (Table 1). Those fields that
had damage levels <6% typically had D values that
were not different from 1 (82% of fields). Given
these results, and those based on the likelihood
ratio, fields with very low 0. nubilalis damage
«6%) may be expected to have a random distri-
bution (D = 1), whereas fields with damage ~6%
may be expected to generally have an aggregated
distribution (D > 1).

C(a) Test Statistic. C(a) tests for data from in-
dividual fields indicated that the beta-binomial dis-
tribution described the data better than the bino-
mial only when damage was ~6%. Most (73%)
individual fields that had ~6% damaged stems had
significant Z values (P < 0.05), whereas those fields
that had <6% damaged stems had low and non-
significant Z values (Table 1). Significant Z values
ranged from 1.80 to 6.89 and were correlated well
with fields that had significant D values.

Binary Form of the Taylor Power Law. There
was a significant, linear relation between the
log(observed variance) and the log(binomial vari-
ance) (F = 572.49; df = 1, 39; P < 0.001; R2 =
0.94) (Fig. 1). Estimate of the intercept (log[a])
and the slope (b) :!: SEM were 1.39 :!: 0.06 and
1.15 :!: 0.05, respectively (equation 8; Fig. 1). The
slope was slightly greater than 1 (t = 3.04; df =
39; P < 0.01), indicating that the degree of aggre-
gation varied with p. The generally increasing (J
with increasing p is consistent with the power law
results.

Sequential Sampling Plan Development. De-
cision lines for sequential sampling plans based on
action thresholds of 10 and 30% damaged stems
are shown in Fig. 2 A and B, respectively. A min-
imum of 3 and 2 sites must be sampled before a
decision not to apply an insecticide to control O.
nubilalis can be made when the action thresholds
are 10 and 30% (0.1 and 0.3 proportion damaged
stems), respectively. If all 10 sites are sampled and
the cumulative number of infested stems is be-
tween either 6 and 12 (10% threshold) or 26 and
33 (30% threshold) (i.e., decision within the con-
tinue sampling category), the user would have to
make a subjective decision of whether to imple-
ment control measures or to sample the field again
at a later date.

The sequential sampling plan based on a thresh-
old of 10% damaged stems (0.1 proportion dam-
aged) had the following parameters: Po = 0.05, p]
= 0.15, a (type 1) = {3(type 2) = 0.05. (Note, a
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Table 1. Description of the distribution (binomial or beta-binomial) of O. nubilalis damaged potato stems from
fields in eastern North Carolina iJl1991, 1992, 1993, and 1994

Mean Likelihood Estimated Z valu••s forFidd name Date sampled infested ratid> 1I:t SEMc
Jyi

C(a) t••st"stems, %a

Salem Church I 9 June 1994 0.5 O.OONS 0 LOINS -0.151I\:S
Lamb 28 May 1993 0.5 O.OONS 0 LOINS -0.151NS
Mary Daniels 5 June 1992 1.5 O.OONS 0 0.91NS -0.457NS
Magnolia 13 May 1992 1.5 2.00NS 0.101 :!:0.143 1.62* 1.799*
Swamp Rd. I 9 June 1994 2.0 O.OONS 0 0.86NS -0.612NS
Turtle 14 May 1992 2.0 0.96NS 0.052 :t 0.080 1.40NS 1.088NS
Near N-slope 20 May 1992 2.0 0.96NS 0.052 :t 0.080 1.40NS 1.088NS
Tanglewood I 9 June 1994 3.5 O.OONS 0 1.02NS -0.101NS
Brooks I 15 May 1991 3.5 1.85NS 0.062 :t 0.080 1.64* 1.873*
N-Slope/N -B-C 27 May 1993 4.5 O.OONS 0 0.85NS -0.638NS
Paul I 22 May 1991 5.5 1.78NS 0.065 :!:0.070 1.51NS 1.461NS
Tony B. I 31 May 1993 6.0 5.45* 0.121 :!:0.103 2.13* 3.404*
Paul II 22 May 1991 6.0 2.46NS 0.084 :t 0.077 1.57NS 1.631NS
Paul III 22 May 1991 6.5 5.03* 0.128 :!:0.099 1.95* 2.851*
Salem Church 31 May 1993 7.5 14.82* 0.307 :t 0.196 2.86* 5.736*
Tanglewood II 9 June 1994 8.0 0.37* 0.025 :!:0.045 1.23NS 0.562NS
Trap 31 May 1993 8.5 3.30NS 0.095 :!: 0.077 1.66* 1.928*
Desert I 10 June 1994 9.5 6.07* 0.158 2.38* 4.217*
Turtle 25 May 1993 10.5 9.08* 0.014 :!: 0.089 2.74* 5.348*
N-B Canal 25 May 1993 11.5 2.95* 0.077 :!: 0.062 1.68* 1.997*
Salem Church II 9 June 1994 12.0 1.60NS 0.058 :!: 0.060 1.46NS 1.275NS
Taylor 21 May 1991 13.0 14.08* 0.245 :!: 0.137 2.62* 4.948*
Phomte 15 May 1991 13.5 0.69NS 0.038 :!:0.054 1.29NS 0.741NS
Hot Spot 8 June 1992 16.0 7.24* 0.117 :!: 0.072 2.30* 3.958*
Silo 25 May 1993 18.0 O.OONS 0 0.97NS -0.262NS
Harris 8 May 1991 19.0 5.98* 0.129 :!: 0.081 1.91* 2.710*
Combine 18 May 1993 19.5 0.40NS 0.026 :!: 0.044 1.24NS 0.590NS
Hot Spot 18 May 1993 19.5 0.50NS 0.025 :!:0.043 l.31NS 0.802NS
Tony B. II 31 May 1993 21.0 21.07* 0.282 :!: 0.132 3.23* 6.894*
Near Turtle 9 June 1992 24.0 9.11* 0.151 :!:0.084 2.27* 3.867*
Bobcat 25 May 1993 24.0 O.OONS 0.001 :!: 0.035 LOONS 0.029NS
Desert II 10 June 1994 24.5 2.43* 0.064 :!: 0.056 1.62* 1.798*
Swamp Rd. II 9 June 1994 24.5 8.01* 0.154 :!:0.088 2.08* 3.240*
Railroad Bed 4 June 1993 25.5 10.08* 0.192 :!: 0.109 2.19* 3.59*
Near Hot Spot I 18 May 1993 30.0 8.20* 0.126 :!: 0.069 2.31* 3.968*
Swamp 28 May 1993 32.0 3.63NS 0.079 :!:0.061 1.77* 2.273*
N-SlopelRR 25 May 1993 36.5 17.71* 0.248 :!: 0.115 2.78* 5.479*
Transfonner 31 May 1993 38.5 6.13* 0.111 :!: 0.070 2.01* 3.041*
Tyson 8 May 1991 53.0 15.91* 0.209 :!: 0.103 2.75* 5.378*
James 1 4 June 1993 61.5 12.67* 0.178 :!:0.089 2.55* 4.730*
James II 4 June 1993 73.5 19.36* 0.258 :!: 0.120 3.10* 6.469*

a Mean O. "ubilalis damaged potato stems assessed from 20 sites per lIeld (N = 20) using a 10-stem sampling unit (" = 10) (total
= 200 stems per lIeld).

b Likelihood ratio test statistic for evaluating the difference in likelihood function values for the binomial and beta-hinomial distri-
butions. An asterisk signilles that the beta-binomial IIts the data better than the binomial distribution Crdf_l; P.O.05 ~ 3.84), and NS
indicates that the beta-binomial and binomial have equal fits to the data Crdf.l; P.O.05 < 3.84).

c 9, The index of aggregation:!: SEM. Absence of SEM indicates that the maximum likelihood estimation (MLE) waS not obtained.
d Index of dispersion (D). An asterisk indicates that the distribution of damaged potato stems was overdispersed, and an NS indicates

randomness, using a chi-square test Cr) (df = 19. P s 0.05).
o Standard normal test statistic. An asterisk indicates that the distribution of damaged potato stems was overdispersed (i.e., specifically

by the beta-binomial), and an NS indicates randomness (P S 0.05).

and (3 here are different from the parameters of
the beta-binomial [equations 2 and 3].) Values of
type 1 and 2 errors corresponded with the proba-
bility that a control decision would be made when
control was not needed, and the probability that a
control decision would not be made when control
was needed, respectively.

The steepest operational characteristic function
and the greatest maximum average sample number
function corresponded with the binomial model
that had no minimum or maximum number of
samples (i.e., nominal case) (Fig. 3 A and B). All
other operational characteristic and average sam-

pIe number functions were determined based on
a minimum of 10 stems per site (n = 10) and a
maximum of 100 stems (N = 10 sites) required to
be sampled. Of these curves, the binomial model
had the steepest operational characteristic function
and greatest average sample number function, fol-
lowed by the beta-binomial models with increasing
values of () (Fig. 3 A and B). Thus, for fields with
a beta-binomial distribution of O. nubilalis dam-
age, the probability of making type 1 and 2 errors
increased as () increased. For example, if the pro-
portion of damaged stems was above threshold
(e.g., 0.15) and ()was high (0.307), nearly 3 out of
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Fig. 1. Relationship between the log of the observed 60

variance (s2) and the log of the binomial variance (p[1 -
p]) using a binary form of the Taylor power law. Each Zdata point represents one of the 41 fields sampled during tn 401991-1994. «

20

Fig. 2. (A) Sequential sampling plans for O. nubilalis
control in potato using a 10-stem sampling unit (1 site =
10 stems) and a threshold of 10% damaged stems (0.1
proportion damaged), and (B) using a threshold of 30%
damaged stems (0.3 proportion damaged). Sequential
sampling stop lines were based on the Wald sequential
probability ratio test (1947) formulae. Probabilities of
type 1 (a) and type 2 (/3) errors were each 5%.

0.50.40.30.20.1
o

0.0

10 times a recommendation for an insecticide ap-
plication would not be made.

Hoffmann et al. (1996) had similar results when
developing a sequential sampling plan for use in
scheduling control of Lepidopteran pests in sweet
com in New York. They concluded that the rela-
tively high operational characteristic values at
threshold were acceptable because the sampling
plan would likely be used more than once for mon-
itoring pest damage in the same field, especially if
damage was below threshold, and would result in
a decrease in the overall operational characteristic

Proportion of Damaged
Stems (p)

Fig. 3. (A) Operational characteristic and (B) average
sample number functions for a threshold of 10% dam-
aged stems (0.1 proportion damaged) with the following
parameters: po = 0.05, PI = 0.15, and a = /3 = 0.05.
Nominal lines refer to binomially distributed samples
with no minimum or maximum sample size. Simulated
binomial and beta-binomial lines were constructed based
on a minimum sample size of 10 stems and a maximum
of 100 stems. Area under the operational characteristic
lines refers to damage levels in which the probability of
no recommendation for an insecticide application will be
made. Values of () refer to levels of damage aggregation
and correspond with the median, 75th and 99th percen-
tile of ()s from 41 individual potato fields.
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Fig. 4. Overall operational characteristic (OC) func-
tions when the sequential sampling plan based around a
threshold of 10% damaged stems are used to make a
control decision for a constant damage level after a field
is sampled I, 2, or 3 times. Values of (i refer to levels of
aggregation that correspond with the median (0.077) (A)
and 99th percentile (0.307) (B) of (is from 41 individual
potato fields.

Fig. 5. (A) Operational characteristic (OC) and (B)
average sample number (ASN) functions for a threshold
of 30% damaged stems (0.3 proportion damaged) with
the following parameters: po = 0.2, PI = 0.4, and IX = f3
= 0.05. Nominal, simulated binomial and beta-binomial
lines were constructed using the same sample size re-
strictions referred to previously. Values of (i refer to levels
of damage aggregation and correspond with the median,
75th and 99th percentile of 8s from 41 individual potato
fields.

function after each sampling bout. The overall op-
erational characteristic function for the entire pe-
riod an individual field is sampled would be the
probability that a decision not to spray would result
for any of the times the field is sampled. Thus, if
the density or damage level is constant, the overall
operational characteristic (DC) would be Des
where s is the number of sampling bouts (Nyrop
et al. 1994). Results with our data (shown in Fig.
4 A and B) illustrate a decrease and a shift of the
operational characteristic function to the left on
the proportion of damaged stems axis after each
sampling bout. Given a ()= 0.307 and a proportion
of damaged stems >0.15, there would be ~95%
probability of making a recommendation for an in-
secticide application after sampling the field a 2nd
time.

The sequential sampling plan based around an
action threshold of 30% damaged stems (0.3 pro-
portion damaged) had the following parameters: po
= 0.2, PI = 0.4, 0: = f3 = 0.05. The steepness of
the operational characteristic functions and the
height of the maximum average sample number
functions were similar to those of the sequential
sampling plan based around the 10% threshold
(Fig. 5 A and B). At a proportion of damaged
stems of 0.3 , the operational characteristic func-
tions were relatively high for all Os.Yet, operational
characteristic values decreased and shifted to the
left on the proportion of damaged stems axis after
each sampling bout and were considered accept-
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Proportion of Damaged
Stems (p)

Fi~. 6. Overall operational characteristic (OC) func-
tions when the sequential sampling plan based around a
threshold of 30% damaged stems are used to make a
control decision for a constant damage level after a field
is sampled 1, 2, or 3 times. Valuesof ()refer to levels of
aggregation that correspond with the median (0.077) (A)
and 99th percentile (0.307) (B) of Os from 41 individual
potato fields.
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tial sampling plan with those made by the conven-
tional plan using data collected from the field.

Classifications of damage based on the sequen-
tial sampling plan agreed closely with those by the
conventional sampling plan. There was only 1 in-
stance (0.9% of fields) in which the sequential plan
classified a field as above threshold when the con-
ventional plan classified it as below threshold (i.e.,
type 1 error). There were only 2 instances (1.8%
of fields) in which the sequential plan classified
fields as below threshold when the conventional
plan classified them as above threshold (i.e., type
2 error). Protection against the more serious type
2 error occurs by sampling fields repeatedly (see
above discussion). There were 9 occasions (8% of
fields) when no definitive decision was made for a
control measure after the 10th site had been sam-
pled (i.e., the cumulative number of damaged
stems was between the lower and upper sampling
stop lines). In this situation, the sequential sam-
pling plan performed no differently than the con-
ventional plan.

Performance of the sequential sampling plan
was superior to the conventional sampling plan .
The sequential sampling plan reduced the overall
average number of sites required to make a control
decision by 57% (fixed ± SD: 8.7 ± 2.1 and se-
quential ± SD: 3.7 ± 1.8). When the percentage
of damaged stems was 0-9%, the scouts using the
conventional plan averaged (±SD) 9.1 ± 1.8 sites
before a control decision was made, whereas the
sequential plan required sampling an average of
4.2 ± 1.6 sites (54% reduction) before a decision
could be made. Similarly, when the percentage of
damaged stems was ~10%, scouts using the con-
ventional plan averaged (±SD) 7.9 ± 2.5 sites be-
fore a control decision was made, whereas the se-
quential plan required sampling an average of 2.8
± 1.7 sites (65% reduction). These results are con-
sistent with other sequential sampling plans that
reduce the number of samples needed to make a
control decision by an average of 40-60% com-
pared with fixed sampling (Fowler and Lynch
1987).

Adoption of the sequential sampling plan for use
in timing insecticide applications for 0. nuhilalis
control in potato should improve O. nubilalis man-
agement in potato. This sampling plan is easy to
use, reduces the average number of samples re-
quired to make the decision, and provides known
probabilities of making type 1 and 2 errors.
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able when the damage exceeded 0.35 (Fig. 6 A and
B).

Comparison of Sequential Sampling Plan with
Conventional Sampling Plan. Although simulated
operational characteristic and average sample
number functions provided a thorough estimation
of the precision and practicality of the sequential
sampling plan, these functions were based on pa-
rameters derived from our samples of 41 fields,
which were assumed to be appropriate for all
fields. In particular, the degree of aggregation of
O. nubilalis damage in each commercial field (i.e.,
0) calculated using the BBD may not have provid-
ed a reliable estimate of the aggregation in these
fields. Therefore, we believed that it was important
to compare control decisions made by the sequen-
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