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ABSTRACT We tested enumerative and binomial sampling plans developed for Bemisia
tabaci (Gennadius) in 3,240 ha of commercial cotton as part of the implementation of a
community-wide integrated Fest management (IPM} prograin in Laveen and Tolleson, AZ, in
1994. We compared new field observations to sampling distribution models developed previ-
ously for all lifestages, and validated and analyzed the performance of 5 sampling plans based
on these models by resampling field data from 129 to 284 sites. Mean—variance relationships
for the new data differed statistically from mean-variance models previously developed for
adults, but not for eggs or nymphs, Resampling analyses indicated that desired precision (SE
to mean ratio} was rarely achieved, on average, by fixed-precision sequential sampling plans.
These enumerative sampling plans provided better precision than desired at moderate to high
densities of eggs and adults and worse precision than desired at most densities of nymphs. An
empirical model relating mean density to the proportion of leaves infested with 3 or more
adult B. tabact was accurate at mean densities < 2 adults per leaf but over-predicted mean
density at higher densities. Resampling analysis revealed that a sequential sampling plan based
on this empirical model was accurate at classifying population 3ensity relative to an action
threshold of 5 adults per leaf. At nominal a and 8 error rates of 0.10, population density was
correctly classified =87% of the time. Accuracy was not improved by reducing nominal error
rates to 0.05. Resampling analysis of a fixed-sample size plan based on n = 30 gave similar
results and increasing sample size to 50 increased accuracy only 3%. Further resampling
analyses that more closely approximated scouting protocols (15 sample units drawn from each
of 2 quadrants in the field) resulted in an average accuracy of =70%. Accuracy declined when
populations densities differed greatly among quadrants in a field. Most of this error was as-
sociated with making a decision to control when pest density was below the action threshold.
Based on a robust validation technique using field observations representing 2 wide range of
environmental and agronomic conditions, our sampling plans performed well and should be
useful for estimating and classifying population densities of B. fabaei in cotton over a wide
area,

KEY WORDS Bemisia tabaci, Bemisia argentifolii, sequential sampling, binomial sampling,
resampling, sampling plan validation

SAMPLING IS A fundamental component of any pest
management program based on the prescriptive
control of pest populations and is an essential el-
ement of man Eeld research programs. Regardless
of the intended application, any sampling plan
should ideally be developed from observations that
encompass ti:e eographic area and range of en-
vironmental and agronomic conditions that users
of the sampling plan will likely encounter. In re-
ality, however, sampling plans are often developed
from a fairly restricted range of observations but
are then used in situations representing a new ar-
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'rl:aﬁ' of environmental and agronomic conditions.
us, it is important that the performance of a
sampling plan in novel field situations be examined
so that its limitations and streniths can be better
defined. These performance qualities are of crucial
importance for sampling plans developed for pest
management application where an incorrect d[::ci-
sion regarding pest suppression could result in
costly yield loss or unnecessary environmental dis-
ruption.

The B-strain of the sweetpotato whitefly, Bemi-
sta tabact (Gennadius) (=B. argentifolii Bellows &
Perring), has emerged as one of the most signifi-
cant pests of agricultural production in the south-
western United States (USDA 1995}, Since the
early 1990s, this insect has assumed key pest status
in several crops in Arizona, California, and Texas,
including cotton, Gossypium hirsutum L., and cu-
curbits, Cururbita spp. (Butler and Henneberry
1994, Brown et al. 1995). The multivoltine life cy-
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cle, high reproductive potential, broad host range,
and intercrop movement of B. tabaci contributes
to its pest potential and complicates the develop-
ment of pest management strategies for any one
commodity. Because B. tabaci may disperse readily
among adjacent fields (Watson et al. 1992, Byme
et al. 1996}, it is likely that sustainable and envi-
ronmentally sound pest management systems will
only be realized through coordinated efforts
among agricultural producers over a wide area
{Ellsworth et al. 1996).

Since 1993 we have been involved in the devel-
opment of a community-wide IPM {Jrogram with
cotton producers in the Laveen-Tolleson agricul-
tural community west of Phoenix, AZ. One of the
primary goals of this program is to establish ave-
nues for the cooperative management of B. tabaci
on a community-wide scale. A critical component
of this effort is the development and implemen-
tation of an efficient sampling protocol that can be
used for monitoring pest presence and for aiding
decision makers in determining the need for pest
suppression. :

We have developed several enumerative and bi-
nomial sequential sampling plans for estimating
the abundance of all life stages of B. tabact in cot-
ton {Naranjo and Flint 1994, 1995) and for classi-
fying the density of B. tabaci adults relative to an
action threshold (Naranjo et al. 1996a). All of these
sampling plans have undergone limited validation
with research plot data to establish rough bound-
arles of utility, but more extensive validation is
needed to gauge their performance over the wider
set of conditions under which they may be used.

In 1994 we initiated a multifaceted effort to
demonstrate and implement a binomial sampling
method for adult whitefly within the Laveen-Tol-
leson agricultural community to allow growers to
make more rational pest control decisions (Ells-
worth et al. 1996). A critical component of this
effort was the rigorous validation and analysis of a
binornial sampling plan, which was based on rather
limited data gathered in research plots in Phoenix
and Maricopa, AZ, during 1993 (Naranjo et al.
1996a). It was essential to examine the accuracy
and efficiency of the sampling plan and define its
limitations as a tool for pest management decision
making, This large-scale effort also afforded us an
ideal opportunity to test and evaluate our more
research-oriented, fixed-precision sampling plans.

To evaluate the performance of these sampling
plans, we used a resampling approach in which
random samples are repeatedly drawn from actual
field data sets (Hutchison et al. 1988, Hutchison
1994, Naranjo and Hutchison 1997). The major
advantage of this technique is that field data and
not a theoretical model determines the underlying
distribution of counts. This approach permits si-
multaneous evaluation of sampling error and de-
viations from the assumed sampling distribution.
Given the large geographical area and wide range
of pest densities encompassed in the implemen-
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tation project, we were confident that analyses
would provide rigorous tests of all sampling plans.

Materials and Methods

Sampling Plans Tested. We tested a total of 5
sampling plans for B. tabaci, including 3 based on
enumerative counts and 2 based on binomial count
data. Fixed-precision sequential sampling plans
based on enumerative counts have been developed
for eggs, nymphs, and adults (Naranjo and Flint
1994, 1995), using Taylor’s (1961} power law and
Green’s (1970) algorithm. Adults are counted on
the underside of leaves from the 5th mainstem
node from the terminal; eggs and nymphs are
counted on 3.88-cm? disks from leaves at this same
nodal position. The general sequential stop line is
given as

T, = (anl2/D2)V (D), (1)

where T, is the cumulative count from n sample
units, D is precision (SE to sample mean ratio},
and 2 and b are parameters from the Taylor power
law, s2 = am?, which models the sampf; varlance
{s) as a function of the sample mean {(m). The
parameters a and b were estimated to be 2.986 and
1.766 for eggs, 2.537 and 1.688 for nymphs and
2.079 and 1,675 for adults, réspecﬁvef;m Naranjo
and Flint 1994, 1995).

A binomial sampling model was developed to
estimate the mean density of adult B. tabaci on
the underside of 5th mainstem node cotton leaves
from the proportion of infested leaves (Naranjo et
al. 1996a). We used an empirical model (Kono and
Sugino 1958, Gerrard and Chiang 1970) given as

Ln(#) = v + 8Ln[-Ln(1-Py)] (2)

to define the relationship between mean denst
() per leaf and proportion of leaves infested wi
at least 3 adults {P;). Here, ¥ and & are coefficients
estimated by linear least-squares regression. The
values of y and & were 1.777 and 0.918, respec-
tively (Naranjo et al. 1996a). This mean density
proportion-infested model formed the basis of 2
sampling plans for classifying population density
relative to an action thresho]§ of 5 adults per leaf
(Ellsworth and Meade 1994, Naranjo et al. 1996b).

A sequential sampling plan was developed using
Wald’s (1947) sequential probability ratio test. For
binomial count data the general upper and lower
sampling stop lines are defined as

Tu(ﬂ) =Bn+ A
Ti(n) = Bn — C, (3)

where n is the number of sample units examined,
T(n) is the cumulative number of sample units in-
fested with at least # insects, and A, B and C are
parameters derived as standard functions of spec-
ified @ and B error rates; and lower and upper
boundaries bracketing the threshold density, given
in terms of proportion infested (Wald 1947, Fowler
and Lynch 1987). For this sampling plan we set
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Table 1. Summary of field daia sets and sampling plants for B. tabaci tested in Laveen-Tolleson, AZ, 1994

Sampling plan No. data sets Sample size Mean density Sampling plan
range range reference

Eggs (per leaf disk) ,

Green fixed-precision 129 96-100 0.16-29.19 Nauranjo and Flint 1994
Nymphs (per leaf disk}

Green fixed-precision 129 96100 0.08-15.83 Naranjo and Flint 1994
Adults (per whole leaf}

Green fixed-precision 284 50-100° 0.01-39.91 Naranjo and Flint 1995

Wald binomial SPRT 284 50-100 0.01-39.91 Naranjo et al. 1996a

Fixed-sample-size binomial 284 50-100 0.01-39.81 Naranjo et al. 1996a

SPRT, sequential probability ratio test,

2 Only 2 quadrants (25 sample units per quadrant) were sampled on several occasions.

the lower (L) and upper (U) boundaries at pro-
portional infestation values associated with 3 and
7 adults per leaf, respectively, and set &« = 8 =
0.10.

A fixed-sample size plan also was formulated to
perform a similar population classification based
on 30 binomial counts (Naranjo et al. 1996a). This
latter medel is our current recommendation for
sampling B. tabaci in cotton in Arizona for decision
making (Ellsworth et al. 1995}

Field Sites. Sampling data were collected in the
Laveen-Tolleson area of Maricopa Couna?r, Arizo-
na. This agricultural community is typical of cen-
tral Arizona and encompasses =~12,000 ha of crops.
Cotton is the dominant crop, occupying nearly half
(5,700 ha) of this area, with the remaining area
planted to alfalfa, cantaloupes, watermelon, cole
crops, lettuce, silage corn, sorghum, and citrus.
Ellsworth et al. (1996) provides details on the com-
munity-wide pest management program. Whitefly
samples were collected in 3,240 ha of cotton from
this area. This included 190 fields belonging to a
total of 14 individual growers. Field size averaged
17 ha. Growers were provided information on in-
sect densities in their Eeld within 24 h of sampling
but were not obligated to treat at the recommend-
ed threshold of 5 adults per leaf.

Sampling Protocols. A standard set of proto-
cols was used by all scouts to monitor populations
of adult B. tabaci (Ellsworth et al. 1995). Briefly,
this consisted of counting the number of adults on
the underside of cotton leaves at the 5th nodal po-
sition below the mainstem terminal, Because one
of our primary goals was to test the validity of this
methoti) for classifying population density relative
to an action threshold, scouts counted all adults
rather than using a binomial count which only
tracks the number of leaves containing =3 adults.
After an initial training period, scouts took samples
weekly from each field. In most of the fields sam-
pling was terminated after the 1st insecticides were
applied for whitefly control. The number of weeks
tlEat a given field was sampled depended on when
the grower first joined the program and when the
first decision to spray insecticides was made. The

1st samples were taken as early as 22 May and as
late as 4 July. In approximately half of the fields,
adults were counted on 15 leaves from each of 2
quadrants per field as recommended for decision
making (Ellsworth et al. 1995). In the remainin,

fields, adults were counted on 25 leaves from eac

of 4 quadrants for a total of 100 sample units per
field. This Jarger sample size was taken to generate
a robust data set for sampling plan validation and
analysis {described below). Additionally, in 30 of
these latter fields, scouts also collected 5th main-

‘'stem node leaves to estimate the population den-

sity of immature B. tabaci. Eggs and nymphs (all
stages) were counted under a dissecting micro-

- scope on 3.88-cm? leaf disks, extracted near the

petiole (Naranjo and Flint 1994). Samples for im-
matures were collected every other week for a giv-
en field from 1 June through 19 August. The total
number of sample dates varied from 3 to 6 per
field. Sampling for adults {(n = 100/wk) also con-
tinued in these 30 fields even after the 1st insec-
ticide sprays were applied.

Validation and Analyses of Sampling Plans. A
subset of the sample data sets described above was
selected for validation and further analyses (Table
1). In total, 1,219 individual field/date data sets
were collected for adult B. tabaci. Of these, 601
consisted of fields in which 100 leaves were ex-
amined for adults, and of these, 571 had mean
densities >0 adults per leaf. From the 571 data
sets we selected 284 that had unique mean density
values ranging from 0.01 to 39.91 adults per leaf.
When means of 2 or more data sets were equal we
selected 1 at random without regard to sample
variance. Most duplicate densities ocourred below
1 adult per leaf. In total, 139 individual field/date
data sets were collected for immature B. tabaci. Of
these, 129 data sets had unique mean density val-
ues >0 per leafl disk and contained 96-100 sample
units each {Table 1).

We first examined the accuracy with which our
Taylor power law models predicted the sample
variance from the sample means of the data sets
described above for all life stages of B. tabaci. We
constructed 95% CI for individual predicted values
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about the regression lines to denote the variability
of the original models. Further, we used analysis
of covariance (ANCOVA) (SAS Institutel989) to
compare regression parameters between the orig-
inal model and the independent data sets. We also
examined the accuracy of the empirical relation-
ship which predicts the mean density of adult B.
tabaci per leaf from the proportion of leaves in-
fested with =3 insects. A 95% CI for individual
predicted values was constructed about this rela-
tionship using the variance term suggested by
Schaalje et al. (1991). This variance estimator at-
tempts to account for both biological and sampling
error. Again, ANCOVA was used to compare re-
gression parameters {see equation 2) between the
original model and a model developed from in-
dependent data sets.

To evaluate the overall performance of our sam-
pling plans in the field we used an approach in
which actual field data are resampled numerous
times on a computer {Hutchison et al. 1988, Nar-
anjo et al. 1995, Naranjo and Hutchison 1997).
Specialized public-domain software has been de-
veloped to efficiently perform such analyses for
several common sampling plans (Naranjo and
Hutchison 1997} Basically, after entering sampling
plan parameters, the software randomly selects
successive observations from a field data set, with-
out replacement, until the sequential stop kine cri-
teria are met or, in the case of the fixed-sample-
size plan, the prescribed number of sample units
have been drawn.

We tested the performance of fixed-precision se-
quential plans for all life stages by resampling each
of the 129 data sets for eggs and nymphs, and each
of the 284 data sets for adults 500 times. We tested
our sampling plans using a representative precision
{SE to mean ratio) of 0.25. The relative perfor-
mance of our sampling plans would be the same
regardless of the eve% of precision chosen. The
minimum sample size was set at 10. From these
resampled data we then calculated the mean pre-
cision and required sample size for each data set
and the associated variances and extreme values of
these measures. We then evaluated how closely
sample sizes prescribed by the sequential plans
compared with those estimated directly from the
sample mean and variance of each independent
data set using the formula n = (s/Dm)%.

For the sequential binomial plan we calculated
-the mean, variance, and extremes of sample size
and estimated the operating characteristic func-
tion. Again, each data set was resampled 500 times
and the minimum sample size was set to 10. The
operating characteristic is a measure of the accu-
racy with which the population is properly classi-
ﬁe? relative to the action threshold and is given as
the probability of not intervening as a function of
true mean pest density. After the sequential deci-
sion rule is satisfied ?c; uation 3) this probability
was estimated directly ?rom each data set as the
proportion of resampling iterations in which the

ENVIRONMENTAL ENTOMOLOGY

Vol. 26, no. 4

proportion infested did not exceed the lower se-
quential stop line. To provide a smooth operating
characteristic function from the resampled data we
fitted a 4 parameter logistic model to the output:

OC(x) = d + (a-d)/(1+[x/c]t), (4)

where a, b, ¢, and d are parameters and x is mean
density estimated from field data sets (n = 100).
The Marquardt-Levenberg method was used to fit
the model using SigmaPlot (Jandel 1994). We test-
ed the original sampling plan as defined above and
then evaluated whether changes in a and g error
rates would improve plan performance. For com-
parison, nominal operating characteristic functions
were estimated using the computer program of
Nyrop and Binns (1991). Additionally, we estimat-
ed the overall probability of making type I (taking
action when none is needed) and type II (failin
to take action when needed) errors based on aﬁ
284 data sets. These error rates were estimated by
classifying the outcome of each resampling itera-
tion for each data set according to; mean < 5 and
P, = 0.57 (correct decision), mean = 5 and P; >
0.57 (type I error), mean > 5 and P; > 0.57 (cor-
rect decision), and mean > 3 and P3 = 0.57 (type
II error), where P; = 0.57 is the proportion of
leaves expected to be infested when \‘.Ee mean den-
sity is 5 adults per leaf (equation 2). Because sam-
pling was discontinued in most fields after the 1st
insecticide application for B. tabaci these estimates
of accuracy are based on field observation that are
skewed toward low densities. Nonetheless, these
densities are representative of those that would be
encountered by users of the sampling plans for de-
cision making.

Next, we examined the performance of the
fixed-sample-size binomial plan. Here, we estimat-
ed the operating characteristic function directly
from the proportion of resampling iterations in
which the proportion infested did not exceed the
action thl'8510 d. We examined and compared sam-
pling plan crerformance using fixed sample sizes of
10, 30, and 50 leaves per field. Type I and type 1I
error rates were estimated as detailed above.

All of the ahove analyses were based on drawing
sample units from the field as a whole and did not
account for differences in pest distribution be-
tween quadrants. To examine this spatial compo-
nent in more detail and to mimic the actual scout-
ing protocols more accurately, we conducted a final
set of analyses for the fixed-sample-size plan. First,
counts from each of the 284 original data sets were
sorted by quadrant. Resampling analysis was then
conducted by randomly drawing 15 sample units
from each of 2 quadrants per field for each possi-
ble combination of 2—qua‘frant sets (6 total). Op-
erating characteristic functions were estimated fgr
the overall average of all 2-quadrant combinations,
and for the upper and lower extremes based on
individual 2-quadrant sets for each field data set.
All these operating characteristics were estimated
as a function of mean density averaged over all 4
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Fig. 1. Comparison of the relationship between sam-
ple mean and variance from independent data collected
in Laveen-Tolleson, AZ, in 1994 (points) with Taylor pow-
er law models {solid line) develf:)ped for (A) eggs, (B)
nymphs, and {C} adults of B. tabaci. Dotted lines denote
95% prediction intervals.

quadrants, Nominal « and B error were set to 0.10.
A(%ain, type I and type II error rates were estimat-
ed as detailed above,

Results

Performance of Fixed-Precision Sequential
Sampling Plans. For B. tabact eggs all of the field
observations fell within the 95% prediction interval
(Fig. 1A) and ANCOVA indicated no significant
differences between either the slope (P = 0,57} or
intercept (P = 0.89) of the original power law
model and those estimated from field observations
in 1994. Likewise for nymphs, most of the field
observations fell within the 5% prediction interval
(Fig. 1B) and there were no significant differences
in slope (P = 0.13) or intercept (P = 0.23) param-
eters between the original power law model and
those estimated from field observations. Despite
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the lack of statistical differences between indepen-
dent data sets and original power law models, the
consequences of even small deviations from the
sampling model can be clearly seen from our re-
sampling analyses (Fig. 2 A and C). The actual
sampling precision seldom equaled that specified,
and the variance from one sample bout to the next
was considerable for egg and nymphs. In general,
average precision was better than expecteg (0.25)
for eggs at densities between ~0.5 and 10 per leaf
disk, but worse at higher or lower densities (Fig.
2A). Thus, the sequential plan specified too small
of a sample size at high and low densities and to
large of a sample size at moderate densities. In
com]f)a.rison, the nymphal sampling plan prescribed
toc few sample units. The average precision was
generally worse than expected when estimating the

ensity of nymphs over all mean densities tested
{Fig. 2C; most symbols fall above the horizontal
line at D = 0.25).

Most field observations for adults fell within the
95% prediction interval (Fig. 1C); however, the
Taylor power law generally overpredicted vari-
ances, except at very low densities where variance
was underpredicted. Here, the slope (F = 11.82;
df = 1, 293; P = 0.0007) and intercept (F = 12.52;
df = 1, 293; P = 0.0005) terms of the power law
for the independent field observations significantly
deviated from those of the original model. The
consequences of this deviation from the underlying
sampling model, can again be clearly seen from
our resampling analyses (Fig, 2E). For estimating
adult density, the sampling plan consistently pro-
vided poorer than expectedp average precision at
densities less than =~0.5 per leaf, but better than
expected precision at mean densities > 0.5. The
stochastic nature of fixed-precision sequential sam-
pling is evident for all life stages of B. tabaci. Even
when the average value of precision approached
that specified (0.25) there was considerable vari-
ability. It was not unusual in these instances for
maximum and minimum values of precision when
resampling from a data set to be > 040 and <
0.15, regardless of the life stage sampled. In con-
trast, there was little variability in sample size be-
tween sampling bouts, and deviations from the ex-
pected sample size were slight (Fig. 2 B, D, and
F).

QOur analyses indicated that the desired precision
was not being consistently achieved by our sam-
pling plans. To evaluate the consequences on sam-
E]jnri effort we compared sample sizes prescribed

y the sequential plans with Lﬁe sample size that
might be estimated directly from a preliminary
sample of a given field using the formula n = (s/
Dm)2. Based on results above we delineated 5
ranges of density varying from 0.1 to 0.5 to >10
insects per sample unit and averaged prescribed
and direct estimates of sample size over these den-
sity classes (Table 2). As observed in Fig. 2, all
sampling plans produced mean estimates with
poorer than desired precision at mean densities
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Fig. 2. Actual levels of precision and required sample sizes resulting from using fixed-precision seCﬁuenﬁal samplin,
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size.

<0.5 insects per sample unit. The sequential plan
prescribed sample sizes from 33.4 to 73.4% too
small for all lifestages at these low densities. At
densities >0.5 the sampling plans for eggs and
adults generally prescri};;)ed sample sizes larger
than necessary. However, the largest discrepancy
averaged 23.4%, and considering all densities com-
bined the plans achieved precisions close to 0.25
and prescribed sample sizes only 4.1-7.6% larger
than required, In contrast, the sequential sampling
plan for nymphs consistently prescribed smaller
than required sample sizes. Considering all densi-
ties combined precision averaged 0.287 and 37.3%
fewer samples than required were prescribed. Fur-
ther resampling analyses indicated that a precision
near 0.25 could be achieved for all nymphal den-
sities by specifying a precision D of 0.215 for the
sequential stop lines (equation 1),

Performance of Binomial Sampling Plans for
Classifying Density. The empirical model relatin
mean adult density to the proportion of infeste
leaves was accurate at densities <2 adult per leaf,
but generally overpredicted mean densities >2
(Fig. 3). Almost all of the predicted mean densities
fell within the 95% prediction interval of the mod-

ts were derive

el. However, because of the consistent bias toward
over prediction, ANCOVA indicated that both the
slope (F = 60.00; df = 1, 279; P < 0.0001) and
intercept (F = 34.86; df = 1, 279; P < 0.0001)
terms of the In-In regression (see equation 2) of
the model significantly deviated from those de-
rived from independent field observations.

The consequences of this hias in the model are
clearly reflected in the resulting operating char-
acteristic and average sample size functions of the
sequential sampling plan (Fig. 4). For a = B the
operating characteristic should be near 0.5 at the
action threshold of 5 adults per leaf. However, be-
cause the model overpredicted mean density for a
given proportion infested, there was a higher prob-
ability of classifying the population as above the
threshold (based on binomial counts) at densities
below the action threshold. Accordingly, there also
was a corresponding lower probability of misclas-

* sifying populations at densities above the action

threshold. Likewise, the highest sample size re-
quirements should occur at the action threshold,
whereas here it occurred at a density slightly lower
than the action threshold. Estimated operatin,
characteristic functions deviated from the nomin
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Table 2. Comparison of sample sizes from resampling
of independent data sets using fixed-precision sequential
plans with those estimated directly from the sample mean
and variance of the same independent data sets

Resampling analysis Direct estimate®
Density range Avg Avg | Awvy
precision sar.nple sarflple difference
size size
Eggs
0.1-0.5 0.279 62.9 83.9 334
0.5-1.0 0.215 51.7 40.2 —22.9
1.0-5.0 0.223 40.3 36.3 -9.9
5.0-10.0 0.237 311 27.8 -10.6
>10.0 0.259 26.1 25.9 -0.8
All densities? 0.238 — — -41
Nymphs
0.1-0.5 0.328 65.5 1136 73.4
0.5-1.0 0.258 44.8 49.1 9.6
1.0-5.0 0.268 32.6 40.7 24.8
5.0-10.0 0.283 23.1 342 481
=100 0.285 19.0 32.0 G8.4
All densities 0.287 -— — 373
Adults
0.1-0.5 0.302 54.2 82.7 52.6
0.5-1.0 0.240 375 36.3 -3.2
1.0-5.0 0.211 26.5 20.3 —-234
5.0-100 0.226 15.4 16.4 ~109
>10.0 . 0.226 14.0 12.9 -78
All densities 0.241 — — -76

% Sample size calculated directly from the sample mean and
variance using n = (s/Dm)2 and a precision D of 0.25 where pre-
cision is measured as the SE to mean ratio.

b Average over all data sets with means =0.1: eggs, n =
nymphs, n = 127; adults, n = 275.

129;

functions calculated for a binomial sequential

probability ratio test; they were slightly steeper and
offset toward lower mean densities.

Lowering the nominal « and B error rates in the
sequential sampling model had very little influence
on the operating characteristic functions (Fig. 4 C
and E), reflecting little improvement in the accu-
racy of classifying population density. However, re-
ducing a and B errors greatly increased required
sample sizes (Fig. 4 D and F; Table 3). An average
of ~26 samples were needed when densities
ranged from 3 to 7 adults per leaf (lower and up-
per decision boundaries) with @ = g = 0.10. Set-
ting &« = B = 0.05 increased the average sample
size to near 40 with little improvement in accuracy
of classification. There was considerable variation
in sample size requirement among sampling bouts
of the same f'“ie:lccil data set. Interestingly, even at
densities near the action threshold there were cer-
tain sampling bouts in which sampling was termi-
nated after as few as 10 sample units. Recall that
the minimum sample size was set to 10; thus, ac-
tual sample size requirements may have been even
less.

To gauge the overall accuracy of the sequential
sampling plan for classifying population density we
estimated the probabilities of taking action when
none was warranted (type I error) and of failing to
take action when action was needed (type II error)
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Fig. 3. Comparison of the relationship between the
mean density of adults and the proportion of sample units
infested with =3 adults from field data collected in Lav-
een-Tolleson, AZ, in 1994 (points) with an empirical
model developed for adult B. tebaci. Dotted lines denote
a 95% prediction interval.

over all the 284 data sets examined. These proba-
bilities were generally not affected by changing
nominal a andg f exror rates in the sequential mod-
el (Table 3). The overall accuracy in classifying the
population densities observed in our study relative
to the action threshold ranged from 87.8 to 89.1%.

The performance of fixed-sample-size plans with
n = 30 was similar to that of the sequential plans.
The operating characteristic function of the fixed-
sample-size plan with n = 30 was essentially iden-
tical to that of the sequential model with a = 8 =
0.10 {Fig. 5). The O%erating characteristic function
improved considerably when the sample size was
increased from 10 to 30, but there was relatively
little difference in the operating characteristic be-
tween sample sizes of 30 and 50 (Fig. 5). These
patterns were reflected in type I and type II error
rates (Table 4). The overall accuracy of classifying
observed population densities relative to the action
threshold ranged from 87.2 to 89.9% for sample
sizes of 30 to 50 (Table 4). §till, even with as tew
as 10 samples the correct classification was made
~80% of the time.

Up to this peint, all analyses were based on the
assur;.llpl:ion that é)est populations had no explicit
spatial structure despite the fact that sample units
were collected from 4 distinct quadrants in each
field. Because our current sampling protocol (Ells-
worth et al. 1995) specifies that 15 sample units be
collected from eacE of 2 quadrants in a field, we
performed further analyses to more rigorously
evaluate the accuracy of decision making based on
this scouting method.

The mean operating characteristic, which was
estimated by averaging results over all possible
2-quadrant combinations, differed from the oper-
ating characteristic derived from resampling of
whole field data sets with n = 30 (Fig. 6). The
quadrant-based function was less steep and offset
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Fig. 4. Operating characteristics and average sample sizes resulting from using the Wald sequential probability
ratio test to classify population density of adult B. tabaci relative to an action threshold of 5 adults per leaf (dashed
vertical lines). Results were derived from resampling of field data sets collected in Laveen-Tolleson, AZ, in 1994 and

?ecifying 3 different levels of nominal « and 8 errors. Smooth operating characteristic functions were fitted to the

ata usin
funetion for a binomial sequential probability ratio test.

towards lower densities resulting in h.i%{wr rates of
?rpe 1 error (Table 4). The operating characteristic
unctions based on extreme 2-quadrant samples
deviated greatly from the average operating char-

Table 3. Summary of the performance of the Wald
sequential probability ratio test for binomial count data
hased on resampling analysis of whole field data from
Laveen-Tolleson, AZ, 1994

Overall error rates? Avg

Nominal error rates?
sample size®
ﬂ‘ B8 Type I Type I (avg min/max)

0.05 .05 0.068 0.041 30.8
(10/75.2)

0.075 0.073 0.069 0.044 32.2
(10/73.8)

0.10 0.10 0.071 0.051 26.2
: (10/72.1)

2 Frror rates sepecified in the sample model.

b Overall probability of making type T (taking action without
need) and type II {failing to take action when action is needed)
errors based on all field data sets.

¢ Average number of samples needed to terminate sampling at
mean densities between the lower and upper decision boundaries.

a logistic model (equation 4). The dotted lines in A, C, and E denote the nominal operating characteristic

acteristic suggesting that pest populations may vary
considerably amon quagrants. The vast majority
of error, particularly for the lower extreme, was
associated with the decision to control populations
wiléen they were actually below the action thresh-
old.

Discussion

The fields from which sampling data were col-
lected in this study encompassed a wide range of
air-r(lmomic characteristics, including different
planting dates, different cotton cultivars, and vary-
ing cultural practices such as irrigation frequency,
cultivation, fertilization schedules, and use of in-
secticides. A range of environmental variables also
was represented, including different soil types,
spatial patterning of whitefly hosts other than cot-
ton, and changing weather conditions over the
course of the growing season. This agronomic and
environmental diversity is representative of the
range of conditions under which we expect our
sampling plans to be used. Many of these factors
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Fig. 5. Operating characteristic functions from using
fixed-sample size binomial sampling plans to classify pop-
ulation density of adult B. tabaci relative to an action
threshold of 5 adults per leaf (dashed vertical line}. Re-
sults were derived from resampling of field data sets col-
lected in Laveen-Tolleson, AZ, in 1994. Smooth operating
characteristic functions were ftted to the data using a
logistic model (equation 4). Actual data points are omit-
ted for clarity. The operating characteristic function from
the sequential sampling plan with & = B = 0.10 is shown
for comparison.

would be expected to influence the spatial pattern-
ing of arthropod populations and, thus, affect sam-
pling distributions and the performance of sam-
pling plans based on these distributions (e.g.,
Trumble et al. 1989, Jones 1990). We are confident
that our studies provided a robust test of actual
sampling plan performance in the field.

Our original mean-variance models for eggs and
nymphs (Naranjo and Flint 1994) were statistically
similar to ones estimated from the sample data col-
lected in this study. This similarity probably re-
sulted from the re{atively large varia%ility of the
independent sample data and the variability of the
original models as evidenced by the wide predic-
tion intervals (see Fig. 1). In contrast, the vari-
ability of the mean-variance model for adult B. #4-
baci (Naranjo and Flint 1995) was relatively low
and may have contributed to the significant devi-
ation of this model from the independent sample
data. Regardless, our resampling analysis indicated
that fixed-precision sampling plans based on these
models for all lifestages often did not meet the
desired precision. This paradoxical result for eggs
and nymphs suggests that simply testing parame-
ters of Lﬁe sampling distribution model alone is
insufficient for evaluating the performance of a
sampling plan.  These results also highlight the
stochastic nature of fixed-precision, sequential
sampling plans. The desired precision specified in
the sampling plan is only the average precision that
would be expected over a large number of inde-
pendent samples even if the mean/variance model
was_correct (Hutchison et al. 1988, Nyrop and
Binns 1991). Sources of error include that associ-
ated with the sequential selection of samples from
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Table 4. Summary of the performance of fixed-sam-
ple-size plans for hinomial count data based on resam-
pling analysis of whole field or quadrant data sets from
Laveen-Tolleson, AZ, 1994

Fixed Overall error Overall error

sample rates? Q(l’.;aira;}rg)sb : rates?
sizé  Type I Type Il Type I Type II
10 0109 0.092 Avg 0,218  0.080
30 0.064 0.064 Lower extreme 0428 0,006
50 0068 0033 Upper extreme 0.085 0228

Quadrant analysis explicitly accounts for differences in the spa-
tial distribution of insects among the 4 quadrants sampled.

2 Qverall probability of making type 1 (taking action without
need} and type I {failing to take action when action is needed)
errors based on all field data sets.

b Analyses were based on repeatedly drawing 15 sample units
from each of 2 quadrants {total o = 30). Average performance
was estimated by averaging results over all possible combinations
of 2 quadrants (6 combinations total); lower and upper extremes
were estimated from the extreme values resulting from the 6 pos-
sible combinations of 2-quadrant samples.

the field (Anscombe 1952, Kuno 1972), those aris-
ing from the fact that mean density is being used
to predict the variance, a randomly distributed
variable in the mean/variance modef’(Nyrop and
Binns 1991), and that the mean itself is estimated
with error (Taylor 1984). An additional source of
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Mean adulta per leaf

Fig. 6. Operating characteristic functions derived
from using a fixed-sample size binomial sampling plans
{n = 30) to classify population density of adult B. tabaci
relative to an action threshold of 5 adults per leaf {dashed
vertical line) and explicitly accounting for differences in
the spatial distribution of insects among the 4 quadrants
sampled in Laveen-Tolleson, AZ, 1994, Analyses were
based on repeatedly drawing 15 sample units from each
of 2 quadrants. The average curve was estimated by av-
eraging results over all possible combinations of 2 quad-
rants (6 combinations total); lower and upper extremes
were estimated from the extreme values resulting from
the 6 possible combinations of 2-quadrant samples.
Smooth operating characteristic functions were fitted to
the data using a logistic model (equation 4). Actual data
points are omitted for clarity. The operating characteristic
function for a fixed-sample size of 30 dravm from
whole-field data sets is shown for comparison. Mean den-
sity on the x-axis is the average over all 4 quadrants.
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error involves actual deviations from the mean
variance model resulting from differing patterns of
spatial distribution. Because we resampled field
observations independent of those used to develop
the sampling plans, our results reflect the contri-
bution and impact of all these sources of error.

For eggs and adults, our sampling plans gener-
ally erred on the conservative side; the sequential
stop lines achieved better than expected precision,
but at the cost of requiring a slightly larger sample
size than actually needed. The opposite was true
for nymphs where the prescribed sample size was
too small to achieve the desired precision. Sam-
pling plans for all life stages performed poorly at
low densities. For example, with adults, even the
best observed precision out of 500 sampling bouts
exceeded the desired level at densities less than
~(.2 adults per leaf (see Fig. 2E). These outcomes
are reflected in the mean-variance models, which
consistently underpredicted variances associated
with low mean values (see Fig. 1). However, this
pattern may depend more on a general failing of
the Taylor power law at low mean densities {Taylor
and Woiwod 1982, Taylor 1984, Perry and Woiwod
1592) rather than deficiencies in our models which
predict variance over a wide range of population
densities. The overall performance of sequential
sampling plans for eggs and adults was good and
the sampling plan for nymphs could be improved
b&/ adjusting the stop lines by increasing the spec-
ified precision.

The binomial model (Naranjo et al. 1996a) was
biased generally toward overprediction of mean
density from tﬁe proportion of infested sample
units at mean densities >2 adults per leaf. How-
ever, sequential or fixed-sample-size lE)latrui based
on this binomial model were reasonably accurate
in cIassil}:ing population density relative to a criti-
cal threshold. Bias in the binomial model resulted
in asymmetrical, but conservative, operating char-
acteristic functions. Thus, there was a greater
Erobabi]ity of deciding to treat at mean densities

elow the action threshold and a corresponding
lower probability of deciding against treatment at
densities above the action threshold. This pattern
was even more pronounced when simulating scout-
ing protocols for the fixed-sample-size plan.

The nominal & and B error rates specified in the
binomial sequential probability ratio test are mea-
sures of these two types of error when actual den-
sities are equal to those that define the lower and
upper sequential stop line boundaries, respectively.
Nyrop and Binns (1991) suggest that e and B, as
well as the upper and lower boundaries, be
thought of as parameters that can be adjusted to
achieve desired operating characteristic and aver-
age sample size functions. We did not vary the
boundary conditions in our analysis, but changes
in nominal « and B errors had very little effect on
operating characteristic functions and resulting er-
rors in classifying population density. The relatively
large increase in average sample size resulting

*
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from reductions in nominal error rates is not offset
by the correspondingly small gain in accuracy.
Specifying a = B = 0.10, the likelihood of taking
action when the population is actually below the
action threshold was =7%, whereas the chance of
failing to take action at densities above the thresh-
old was =5%. Reducing nominal error rates to 0.05
increased accuracy <1%, while increasing average
sample size by 52%. Very similar levels of accuracy
were achieved with fixed-sample-size plans using n
= 30 {see Table 4) and assuming no spatial struc-
ture in the pest population. Considering all popu-
lation densities observed, correct decisions were
made >87% of the time. Increasing sample size by
67% to n = 50 only improved accuracy of classi-
fication to 90%.

Resampling analyses explicitly based on the spa-
tial patterning of pest populations among quad-
rants of a field revealed large variation in error
probabilities associated with decision making.
When 15 sample units are drawn from each of 2
quadrants in a field it was possible for decision
accuracy to drop to as low as 57% (see Fig. 6;
Table 4). The vast majority of this error was asso-
ciated with making the decision to control when
average pest densities over the whole field were
below the action threshold (type I error). From a
grower perspective the more critical type II error
never exceeded 23% even in the most extreme
case. Because neither the 2 quadrants a scout
chooses to sample nor the densities of whiteflies in
these quadrants can be predicted, the accuracy of
decision making would be expected to fall some-
where between the low and high extremes (see
Fig. 6).

A 23% probability of treating a field that does
not require treatment may represent unacceptable
risks from the perspective of increased environ-
mental contamination or higher probahilities of the
development of insecticide resistance. Several fac-
tors ameliorate such concerns. First, the average
density at which growers in this study first applied
insecticides for control of B. tabaci was 2.1 adults
per leaf (Diehl and Ellsworth 1995). Even our ex-
treme operating characteristic function (Fig. 6) in-
dicates a small probability (<0.05) of making the
decision to treat at this density. Thus, our sampling
and decision-making plan represents a consider-
ably improvement compared with current practic-
es, Furgler, our estimates of accuracy assume that
the goal is to correctly classify overall population
density in a field. Given that most insecticides are
applied on a whole-field basis, an equally realistic
goal may be to treat a field even if only 1 quadrant
exceeds the threshold. From this perspective and
based on highly variable populations among guad-
rants in some fields, the accuracy of our sampling
plan in identifying a field in need of treatment may
improve considerable. Overall, results highlight the
importance of accounting for actual spatial distri-
butions in' evaluating sampling plans.
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The relative merits of using a sequential versus
a fixed-sample-size plan depend on the actual pop-
ulation density in the field being monitored. When
the density of adults is far below or far above the
threshold level the sequential plan is most efficient
because most decisions could be made with <10
samples. However, when densities are near the
threshold, sample size increases dramatically, and
there may be individual sample bouts that would
require nearly 100 samples to reach a decision (see
Fig 4). In contrast, a fixed-sample-size model with
a similar operating characteristic function would
be less efficient at densities far above and far be-
low the threshold but less demanding at densities
near the threshold.

As mentioned, our binomial plan for sampling
whiteflies is implemented using a fixed-sample-size
of 30, with 15 sample units being collected at 2
different sites per field (Ellsworth et al. 1995). One
of our primary concerns was adequate coverage of
large commercial fields (>16 ha) which is more
dif%cult to achieve with a sequential approach, par-
ticularly at low or high population densities when
sampling would be terminated after observing rel-
atively few sample units. Variable-intensity sam-
pling (Hoy 1991), which allocates sequential sam-
ples more evenly within a field, may be an
alternative aEproach worth consideration. In gen-

nique requires more training to use
and may be more difficult to implement consis-
tently, particularly with the inevitable tumover of
scouts through the season. Our recommended plan
proved to be relatively accurate for classifying pop-
ulation density and on average took <10 min to
complete in a given field (Ellsworth et al. 1996).

Many sampling models have been developed for
a wide variety of insects of economic importance.
However, relatively few of these models have been
adequately tested in the field. There are 2 basic
approaches for assessing the performance charac-
teristics of samp]jngsplans, both based on comput-
er-intensive methods that draw repeated samples
from a distribution to arrive at expected values of
performance measures and their associated vari-
ances. The Monte Carlo simulation (e.g., Nyrop
and Binns 1991) draws random samples from a
theoretical distribution (e.g., negative binomial)
that is assumed to mimic actual sampling distri-
butions. A 2nd approach is to randomly resample
sets of actual ﬁelg data collected independently of
those used to develop the sampling plan (Hutchi-
son et al. 1988). This approach is less tractable an-
alytically, but more robust because the underlying
sampling distribution is defined by the data set,
and the technique simultaneously evaluates sam-

ling error as well as deviations from the under-
Efing sampling model {Hutchison 1994, Naranjo
and Hutchison 1997). Based on this robust vali-
dation technique and wvsing field observations rep-
resenting a wide range ofg environmental and ag-
ronomic conditions, our sampling plans performed
well and should be useful for estimating and clas-
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sifying population densities of B. tabaci in cotton
over a wide area.
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