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ABSTRACT Constant precision sampling plans for the white apple leafhopper, Typhlocyba pomaria
McAtee, were developed so that it could be used as an indicator species for system stability as new
integrated pest management programs without broad-spectrum pesticides are developed. TaylorÕs
power law was used to model the relationship between the mean and the variance, and GreenÕs
constant precision sequential sample equation was used to develop sampling plans. Bootstrap simulations of the sampling plans showed greater precision (D ⫽ 0.25) than the desired precision (Do ⫽
0.3), particularly at low mean population densities. We found that by adjusting the Do value in GreenÕs
equation to 0.4, we were able to reduce the average sample number by 25% and provided an average
D ⫽ 0.31. The sampling plan described allows T. pomaria to be used as reasonable indicator species
of agroecosystem stability in Washington apple orchards.
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THE WHITE APPLE LEAFHOPPER, Typhlocyba pomaria
McAtee (Homoptera: Cicadellidae), is a nuisance pest
commonly found in Washington apple orchards. Its
feeding causes stippling of the leaves and its excrement causes “tar spots” on the apple fruit when population levels are high. However, Beers et al. (1995)
found that feeding damage had no effect on fruit size,
color, quality, return bloom, or fruit set. Likewise,
Welker et al. (1995) found that only soluble solids
were related to leafhopper feeding, and all other indices (fruit size, weight, starch, color, or Þrmness)
were unaffected. In Washington, the primary problem
associated with white apple leafhopper occurs at harvest, when the adults can become so numerous and
active that they ßy into the eyes, ears, nose, or mouth
of pickers (Beers 1991). Pickers may refuse work in
orchards where high populations are present, which
can result in increased costs and delayed harvest. If
harvest is delayed too long, growers may loose substantial parts of the crop, particularly if overnight lows
drop below freezing.
In Washington State, apple integrated pest management (IPM) is in a state of ßux as the acreage under
mating disruption for codling moth increases and as
the changes in pesticide use patterns required to meet
the Food Quality Protection Act are implemented.
The effect of these changes on nontarget insects becomes a key factor in understanding and designing a
stable IPM program (Beers et al. 1998). Ecologically,
the white apple leafhopper is an excellent indicator
species of ecosystem stability because its high reproductive rate allows the population density to increase

dramatically if its egg parasitoid Anagrus epos Girault
(Hymenoptera: Mymaridae) or other generalist predators are disrupted by pesticide applications. However, for white apple leafhopper to be useful as an
indicator species, it is important that methods are
available that, when used, give both rapid and accurate
estimates of the population density. The purpose of
this study is to develop sampling plans for white apple
leafhopper that meet these criteria.
Materials and Methods
Orchard Sampling. Forty-three data sets were used
in the development and validation of the sampling
program. Each data set consisted of an orchard sampled once during the summers of 1988 or 1989. Orchards were located in Chelan (41 orchards), Douglas
(one orchard), and Grant counties (one orchard).
Orchards were sampled by randomly selecting 20 trees
within a block and then randomly selecting 20 leaves
per tree between 1 and 2 m from the ground. Nymphs
were counted in the Þeld (Beers et al. 1994), whereas
adults were generally not counted because of their
tendency to immediately ßy when disturbed.
Analysis. Twenty of the data sets were randomly
selected and used to model the relationship between
variance and the mean using TaylorÕs power law (s2 ⫽
␣m␤) (Taylor 1961). A log-log transform was used to
linearize the equation (log s2 ⫽ log ␣ ⫹ ␤ log mean),
and linear regression was used to estimate ␣ and ␤.
Taylor indicates that ␤ ⬍ 1 means the population is
uniformly distributed between the sample units, ␤ ⫽
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1 is randomly distributed, and ␤ ⬎ 1 is clumped. After
parameter estimation, values for ␣ and ␤ were used in
GreenÕs constant precision sequential sample equation (Green 1970) to generate stop lines. The equation
is as follows:

冋

T n ⫽ exp

log共D o2/ ␣ 兲 ␤ ⫺ 1
⫹
log n
共 ␤ ⫺ 2兲
␤⫺2

册

where Tn is the summation of the individual tree mean
number of leafhoppers per leaf on samples 1 through
n, Do is the desired precision in terms of SEM/m ratio
(expressed as a proportion), and ␣ and ␤ are the
Taylor coefÞcients. The desired precision was set at
0.30. Once the stop line is exceeded, the orchard-wide
mean number of leafhoppers per leaf is estimated as
follows:
Tn
orchard-wide mean ⫽
no. of trees sampled
The remaining 23 data sets were used to validate the
sequential sample program by using bootstrap simulations (Efron and Tibshirani 1986). Because GreenÕs
formula (Green 1970) produces sample size estimates
that are based on an average variance to mean ratio
(predicted by TaylorÕs power law), and because it can
produce noninteger values for the required number of
sampling units, simulations must be used to determine
the actual precision obtained and to minimize sample
size requirements. The simulations were performed
by selecting a data set and randomly selecting a sample
of 20 trees from the data set with replacement. The
program would then select a tree and compare the
number of leafhoppers present to the stop lines from
GreenÕs formula (Green 1970). When the threshold
was exceeded or all 20 trees in the data set had been
sampled, the number of trees required to reach a
decision, the calculated orchard mean, the number of
times no decision was reached (i.e., the stop line was
not exceeded within the 20 tree sample), and the
precision achieved were calculated and stored. The
procedure was repeated 1000 times for each data set
and then the bootstrap means and SEMS for n (i.e., the
average sample number or ASN), orchard mean, and
the precision were calculated. The procedure was
repeated for the remaining data sets. Comparison of
the bootstrap mean and the actual orchard mean were
made using linear regression (SAS Institute 2002), and
the desired and actual precision and the predicted and
bootstrap n were performed using graphical methods
and simple summary statistics to assess sampling plan
performance. All bootstrap simulations were performed using macros written for Minitab (Minitab
1995). The same types of simulations are reported in
detail by Naranjo and Hutchison (1997).
If departures from the desired precision are found
in the orchards where the terminal decisions were not
caused by limited sample size (Hutchison et al. 1988),
the Do value in GreenÕs equation (Green 1970) needs
to be adjusted to achieve the desired 0.30 level and
bootstrap simulations were rerun to determine the
precision achieved.

Fig. 1. TaylorÕs power law regression plotted for the
white apple leafhopper data set.

Results and Discussion
TaylorÕs power law provided a good Þt (R2 ⫽ 0.97)
to the relationship between variance and the mean
(Fig. 1). The ␤ value (1.40) was signiÞcantly ⬎1 (t ⫽
22.5, df ⫽ 19, P ⬍ 0.001) and indicated the population
was clumped between trees. The ␣ value (⫺1.06) was
signiÞcantly different from 0 (t ⫽ 6. 8, df ⫽ 19, P ⬍
0.001), indicating that regression through the origin
was not appropriate.
GreenÕs formula suggested that mean orchard wide
average of ⬇0.07 leafhopper per leaf was required to
exceed the stop line when 20 trees were sampled.
Bootstrap simulation demonstrated that the average
sample number was slightly higher than that predicted
by GreenÕs formula, but this is to be expected because
GreenÕs stop line formula can produce noninteger
values, whereas, in reality, sampling can only terminate after an entire tree is counted (Fig. 2). The
precision obtained showed departures from the desired 0.30 (Fig. 3), particularly at very low means
where the termination decision was caused by the
maximum number of trees sampled (20). However,
the precision was also higher (i.e., lower numerically)
than desired when the stop lines caused termination;
in these cases, the average level of precision was 0.254.
This means that our predictions had higher precision
than desired and, consequently, more samples were
taken than necessary. To offset this, the Do in GreenÕs
equation was adjusted to 0.35 and 0.40 to minimize the
ASN and to reach the desired precision of 0.3 precision
level. When Do was set to 0.35, the average precision

Fig. 2. Number of trees sampled at different orchard
means compared with that predicted by GreenÕs formula
when D0 ⫽ 0.30.
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Fig. 3. Precision obtained at different orchard means by
using bootstrap simulations when D0 in GreenÕs formula was
0.30. The desired precision is given by the heavy line at 0.30.
Arrow indicates an orchard with higher intertree variation
than predicted by TaylorÕs power law.

obtained was 0.28 and at Do ⫽ 0.40 bootstrap simulations showed the obtained value was 0.31, very close
to our desired value (Fig. 4). The change in Do in
GreenÕs equation from 0.30 to 0.40 resulted in fewer
leafhoppers being required to exceed the stop lines,
and the average sample number decreased by 25%
while still providing the required precision (Fig. 5).
The lower stop line also resulted in more of the samples with low means having sampling terminated by
the stop lines; overall, the number of times no terminal
decision was reached declined 65%. Therefore, the
sampling programs were constructed using Do ⫽ 0.4 in
GreenÕs equation
In examining the precision versus orchard mean,
one orchard in the validation data set consistently had
a lower precision (higher numerically) than expected
using GreenÕs equation (Fig. 4, arrow), even though
the terminal decision was always the result of exceeding the stop line. In examining the raw data, this
orchard had a several very high tree means with several that were very low, resulting in a much higher
variance than would be predicted for the orchardwide mean using a power law regression. This would
cause the sampling program to terminate sampling
before variation had been adequately characterized;
thus, the precision was higher numerically than what
was desired. Although the precision was higher nu-

Fig. 4. Precision obtained at different orchard means by
using bootstrap simulations when D0 in GreenÕs formula was
0.40. The desired precision is given by the heavy line at 0.30.
Arrow indicates an orchard with higher intertree variation
than predicted by TaylorÕs power law (same orchard as in Fig.
3).
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Fig. 5. Number of trees sampled at different orchard
means compared with that predicted by GreenÕs formula
when D0 ⫽ 0.40.

merically, the bootstrap means and the average sample
number were not signiÞcantly different from predicted (Figs. 5 and 6).
The bootstrap means were very similar to the orchard mean when all 20 trees were sampled (Fig. 6).
The intercept of the equation (⫺0.01) was not significantly different from 0 (t ⫽ ⫺0.07, df ⫽ 22, P ⫽ 0.94),
but the slope of the line (1.08) was signiÞcantly ⬎1
(t ⫽ 4.63, df ⫽ 22, P ⬍ 0.001). Again, this difference
is probably associated with GreenÕs equation giving
noninteger values, whereas only whole trees could be
sampled. Regardless, the difference (8% higher) is
relatively small at the densities observed in these orchards.
Indicator species in agricultural systems will become more important as pest management practices
shift toward use of selective tactics such as mating
disruption. In Washington apple orchards, the elimination of broad-spectrum pesticides has resulted in
the reappearance of pests that have not been reported
in decades (Beers et al. 1998). This means that control
tactics for secondary pests and the “new” pests must be
targeted in a manner that prevents the delicate balance of the system from being disrupted. Although a
single indicator species is unlikely to be a reasonable
predictor of system stability, we feel that several different indicator species with different phonologies
and from different taxonomic groups with a taxonomically diverse assemblage of natural enemies will provide a good assessment of system stability. Because of
their different phonologies, in Washington apple or-

Fig. 6. Relationship between the bootstrap estimate of
the mean when D0 ⫽ 0.40 and the actual orchard-wide mean
obtained from sampling all trees in an orchard.
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chards, the white apple leafhopper sampling plan described above along with those for spider mites (Acari:
Tetranychidae) (Jones 1990, 1994; Beers et al. 1994)
and Phyllonorycter leafminers (Lepidoptera: Gracillariidae) (Jones 1991, Beers et al. 1994) should provide
a reasonable Þrst assessment of agroecosystem stability at different times throughout the season.
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