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ABSTRACT: Infestation of adults and pupae of sweetpotato whitefly, Bemisia tabaci, on paprika (Capsicum annuum var. angulosum)
grown in greenhouses in Jinju, Gyeongnam province during 2014was determined by counts of the number of target stage of B. tabaci
per leaflet. Binomial sampling plans were developed based on the relationship between the mean density per leaflet (#7) and the
proportion of leaflets infested with less than 7 whiteflies (Pr), according to the empirical model ((In(m) = a + S(In(-In(1-Py)))). T was
defined as the tally threshold, and set to 1, 2, 3, 4, 5 (adults) and 1, 3, 5, 7 (pupae) per leaflet in this study. Increasing the sample size,
regardless of tally threshold, had little effect on the precision of the binomial sampling plan. Based on the precision of the model, 7=
1 was chosen as the best tally threshold for estimating densities of B. tabaci adults and T'= 3 was best tally threshold in B. tabaci pupae.
Using the results obtained in the greenhouse, a simulated validation of the developed sampling plan by RVSP (Resampling Validation
for Sampling Plan) demonstrated the plan’s validity. Above all, the binomial model with 7= 1 and 7'= 3 provided reliable predictions
of the mean densities of B. tabaci adults and pupae on greenhouse paprika.
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The sweetpotato whitefly, Bemisia tabaci, is an economically including both vegetable and ornamental plants. This pest is
important agricultural pest which attacks about 500 host plants known to have more than 24 biotypes, among which the B and Q

biotypes cause the greatest damage to host plants (Van Lenteren

*Corresponding author: jungpark@gnu.ac.kr

Received August 29 2016; Revised October 27 2016 . . .

Accepted October 31 2016 B-biotype of B. tabaci in Chungbuk province, Korea was con-
Authors have equal contribution.

i=Culrent.Address: Kyung Nong Corp. Central Research Institute,
Gyeongju, Korea

and Woets, 1988; Perring et al., 1993). The occurrence of the

firmed in 1998. The Q-biotype was discovered in Gyeongnam
and Jeonam provinces in 2004 (Lee et al., 2005). B .tabaci
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causes plant destruction by sucking nutrients from leaf surfaces
and depositing sticky honeydew which leads to growth of sooty
mold on leaf surfaces (Byrne, 1999). B. tabaci causes additional
serious problems by transmitting more than 100 viral diseases
such as tomato yellow leaf curl virus (TYLCV) (Muiiiz and
Nombela, 2001; Jones, 2003; Lee et al., 2005; Navas-Castillo
etal., 2011).

In order to control B. fabaci in paprika greenhouses, farmers
depend mainly on pesticide applications. However, pesticides
which can be used on products grown for exports are limited,
and the insects develop pesticide resistance over time (Kim,
2009).

Because B. tabaci life cycle is very short, pesticide resistance
appears faster than it does with other insect pests. B. tabaci
develops resistance against organophosphorous, cabamate,
IGR, pyrathroid and neonicotinoid making pest management
difficult. Because of the high likelihood of developing a pe-
sticide resistant population and the problem of safe agricultural
exports, a system of integrated pest management (IPM) is
required to control insect pests (Elhag and Horn, 1983; Ahn et
al., 2001; Park et al., 2014).

In order to use IPM, insect density estimation should be
accurate. And density should be compared with specific injury
and control levels (Song et al., 2001). Efficient methods of
insect pest estimation and classification of injury level use the
binomial sampling plan. Because this kind of sampling plan
employs various sample units, its cost is less than a fixed-
precision level sampling plan (Waters, 1955; Sterling, 1975).

The objectives of this study were to develop and evaluate
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binomial sampling plans for estimating the population density

of B. tabaci in a paprika greenhouse.

Materials and Methods
The survey locations and sampling position

This study was conducted in paprika greenhouses in Jinju,
Gyeongnam province. The area of the sampled greenhouse is
12,000 m* (Greenhouse 1 (GH 1), width x length, 120 m x 100
m). Approximately 2,160 plants were grown in rock wool
media by the modified vertical codon system. The paprika
plants were grown to 2.0 m~2.5 m height from the ground. Pest
management included pesticide and conventional culture.
Nineteen sampling positions in the greenhouse were selected.
Fifteen of the 19 sampling positions were selected at spaces of
30 m (width) by 50 m (length, in case of both ends and center
row). In the second and fourth selected rows, another four
sampling positions were selected for improving the fit (Fig.
1-A). To obtain independent data for validation of the developed
sampling plan, we selected a greenhouse that cultivates paprika
in a similar area and with a similar method. The size of this
paprika greenhouse is 5,000 m’ (Greenhouse 2 (GH 2), width x
length, 50 m x 100 m). Since GH 2 is smaller than GH 1, we
selected similar 9 sampling positions (intervals of 20 m (width),
50 m (length)) (Fig. 1-B). Sampling was performed 22 times
every week from January 2014 to June 2014.
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Fig. 1. The diagrams of two paprika greenhouses. 19 sampling position was chosen in Greenhouse A which sampled for development
binomial sampling plan, whereas Greenhouse B where 9 sampling positions were selected for the data of validation of binomial sampling

plan which developed in Greenhouse A.
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Sampling

Plants in the greenhouse were divided into three positions:
top (180~220 cm from the ground), middle (80~120 cm from
the ground) and bottom (30~70 cm from the ground) positions.
B. tabaci adults and pupae were observed on three paprika
leaves at each position and recorded. This greenhouse used the
modified vertical codon system. Because the height of the
paprika plants was over 2 m when this study was begun, similar
stages of B. tabaci always existed at similar positions on the
plant. B. tabaci adults moved around on the top of the plants,
usually laying on the sprout. Because some B. tabaci moved to
the bottom of the plant after oviposition, most B. tabaci adults
were distributed on the top and bottom positions. In case of B.
tabaci pupae, as the plants grow the leaves with deposited eggs
were on the bottom position. The hatched larvae had almost no
movement (Kim, 2009). Thus B. tabaci pupae were distributed
on the middle and bottom positions. Therefore, in this study B.
tabaci adults were sampled on the top and bottom positions,

and pupae were sampled on the middle and bottom positions.

Development of the Binomial Sampling Plan

The empirical model of Kono and Sugino (1958) was used
to determine the relationship between mean density (2) and the
proportion of sampling units infested with at least 7" individuals
(Pr). The model is:

In(m) =a+8(n(-In(1-P;))) Eq. (1)
where o and (3 are parameters estimated by the linear regression
(PROC GLM. SAS Institute, 1995). The model parameters
were estimated for different tally thresholds (7) of 1, 2, 3, 4,
5 for B. tabaci adults and 1, 3, 5, 7 for B. tabaci pupae per leaf.
Calculating a valid variance of a predicted mean is required to
validate the precision of the binomial sampling plan (Binns
and Bostanian, 1990). There are several ways to estimate this
variance. In this study, the var (m) predicted from the proportion
of sample units infested was estimated according to the method
of Schaalje et al. (1991). This method was is used to evaluate
and compare the precision of the binomial sampling plan

according to the tally threshold:

var(Inm) = (c1+ 2+ (c4—c3))
cl = (8P /n(1—Pp)In(1—P,)*

2= MqL (ln(—ln(l—PT))_?)QSQS

N Eq. (2)

c3=-exp(lna+(b—2)(a+pIn(—In(1—-P,))))/n

cd= MSFE

where MSE = the mean square error from Eq. (1), N = the
number of data points in the regression used to estimate « and
8 Eq. (1), P=the average value of In (—1In (1 —P;)) used in
the regression, szf the sample estimate of variance of 3, n =
the number of samples taken from a population. The parameters
a and b of Taylor’s power law (Taylor, 1961) were taken from
Choi and Park (2015) with a =2.15, b = 1.30 (B. tabaci adults)
and a = 8.72, b = 1.48 (B. tabaci pupae), respectively.
Defining the precision (d) as the standard error to mean ratio,

d=(s?/n)"*/m, and substituting equation 2 for s*/n gives:

d=V(cl+c2+(cd—c3)) Eq. 3)

Validation of Sampling Plans

The accuracy of the binomial sampling plan was evaluated
by using the independent data sets that had not been used
in developing the binomial sampling plan. The evaluation
involved determining whether the six independent data sets
fell within the 95% confidence limits for the prediction model
(Eq. (1)) at tally thresholds of 1 (B. tabaci adults) and 3 (B.
tabaci pupae). The confidence limits of a prediction mean
(m) on the logarithmic scale were computed using In(m ) £
2,55V Var(Inm) (z,,, = 1.96) (Jones, 1994). We used Fixed
Sample Size (FSS) and Wald’s Sequential Probability Ratio
Test (SPRT) of Resampling Validation for Sampling Program
(RVSP). There were 500 simulations for each independent set.
The action thresholds used were 2 (B. tabaci adults) and 10 (B.
tabaci pupae) per leaf (Choi and Park, 2015). In FSS, we
compared the actual mean with the predicted mean at 7= 1 (B.
tabaci adults) and T =3 (B. tabaci pupae). In SPRT, the upper
bound and lower bounds used 0.45 and 0.25, respectively, and

« and 3 errors used 0.1 in all simulations.
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Table 1. Parameters of an empirical binomial model In(m) = a+ 8(In(— In(1— P,))) relating mean B. tabaciadults and pupae per leaf to

the proportion of leaves infested with more than 7 B. tabaci

Stage T @ B N r? P s%, MSE
1 0.92779 0.70321 22 0.92 -1.3898 0.0019 0.0321
2 1.18135 0.53351 22 0.86 -2.3072 0.0021 0.0580
Adults 3 1.38266 0.49387 22 0.87 -2.9000 0.0018 0.0574
4 1.66876 0.51171 19 0.82 -3.0665 0.0031 0.0579
5 2.29451 0.66616 17 0.84 -3.1894 0.0054 0.0506
1 1.90069 0.79415 22 0.83 -1.7534 0.0060 0.0917
P 3 2.15999 0.75162 21 0.81 -2.0485 0.0068 0.0557
upac
P 5 2.02137 0.56897 21 0.80 -2.4624 0.0040 0.0565
7 2.28483 0.62900 21 0.81 -2.6463 0.0048 0.0562
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Fig. 2. Relationship between the proportion of sample unit infested and the mean number of 5. tabaciadults per leaf with 7=1,2,3,4,5and

B. tabacipupae perleaf 7=1,3,5and 7.

Results and discussion

Binomial sampling plan

A total of 22 consecutive week data sets, which were split
between B. fabaci adults and pupae densities, were collected
and recorded during this study. However, because of the very
low densities in each greenhouse, we used 17-22 weeks data
for adults and 21-22 weeks data for pupae to develop the
binomial sampling plan, after elimination of the Py value of 0
and 1, depending on the tally thresholds (Table 1). The data
from the top and bottom positions (B. tabaci adults) and the
middle and bottom positions (B. tabaci pupae) on the plants
were combined and the infested proportions calculated. Spatial
distribution patterns (Choi and Park, 2015) and infestation rates

were similar to each other. Thus, the binomial sampling plan is
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equally applicable to the top and bottom positions on the plants
for B. tabaci adults and to the middle and bottom positions on
the plants for B. tabaci pupae.

The relationship between the proportion of infestation for
T=1,2,3, 4,5 and the observed means for m > 2.5 of B.
tabaci adults is shown in Fig. 2 (a). Fig. 2 (b) shows the
relationship between the proportion of infestation for 7= 1, 3,
5, 7 and the observed means for m > 4.1 of B. tabaci pupae in
Fig. 2 (b). The r’ values ranges of this empirical binomial model
were 0.82-0.96 for adults and 0.80-0.83 for pupae. The highest
r* value was observed at T = 1 (B. tabaci adults and pupae).
Investigation of the residual error from the regression (MSE)
shows that the model fit improves up to 7= 1 (B. tabaci adults)
and T = 3 (B. tabaci pupae). This suggests that the binomial
model fits best at 7= 1 (B. tabaci’s adults) and T= 3 (B. tabaci

pupae).
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Fig. 3. The sampling precision (a) expressed as a function of
proportion of infested at the sample size of 50, 100 and 200 (8.
tabaciadults).

The effects of the different tally thresholds on the estimation
of the mean density were examined by determining the sampling
precision (d) as a function of the proportion of leaves infested
and the sample size (Fig. 3, 4), using Eq. (3). Increasing the
sample size from 50 to 200 had little effect on the sampling
precision, regardless of the tally threshold (Fig. 3, 4). This
result is similar to binomial sampling plans of Thrips palmi in
potatoes (Cho et al., 2000), Bemisia tabaci in cotton (Naranjo
etal., 1996), Frankliniella spp. in tomatoes (Salgyero-Bavas et

al., 1994) and Panonychus citiri in Satsuma Mandarin groves

o value

Proportion of Infested leaves

Fig. 4. The sampling precision (d) expressed as a function of
proportion of infested at the sample size of 50, 100 and 200 (5.
tabacipupae).

(Song et al., 2001). This is because sampling size has relatively
little weight in the estimation of variance (Jones, 1994). In
contrast to sample size, increasing the tally threshold had a
dramatic effect on the precision of the binomial sampling plans
(Fig. 3, 4). In the case of B. tabaci adults, T = 1 gave the best
precision at all sample sizes. With a sample size of 30, the
precision at 7= 1 was equal to or better than 0.25 for Pr values
between 0.23 and 0.95 (Fig. 3). In the case of B. tabaci pupae,
T'=5 gave the best precision among all tally thresholds tested
(Fig. 4). Meanwhile, MSF is the largest variance component

Binomial sampling plan for whitefly in paprika 409



(Nyrop and Binns, 1991). In this study, the lowest MSE values
among all tally thresholds were observed at 7= 3. In order to
reduce the effort and time spent on sampling protocols, 7 =3
was selected as the best tally threshold for B. tabaci pupae
(Table 1). For the sample size of 200, the precision at 7= 3 was
equal to or better than 0.30 for Py values between 0.08 and
0.69. Therefore, proper tally thresholds are selected in this
study as 7= 1 for B. tabaci adults and T= 3 for B. tabaci pupae.
With B. tabaci pupae, regardless of tally threshold or sample
size, it was not possible to obtain the level of precision, d=0.25,
suggested by Southwood (1978) for damage level assessment
in a pest management program. These relatively low precision
levels reflect the high variability of binomial sampling plans
when compared to absolute counts (Nyrop and Binns, 1991).
Other methods proposed to estimate the variance of the
binomial empirical model would result in different values,
as they place different weight on the individual variance
components (Jones, 1994). Regardless of the methods, the
binomial sampling plans developed in this study could not
provide a precision of mean density better than 0.30 at different
tally thresholds or sample sizes. Thus the reliability of the
variance estimation methods needs corroboration from field
data (Tonhasca ea al., 1994).

Validation of the sampling plan

The reliability of binomial sampling plans is based on the
accuracy of the relationship between the mean density and the
proportion of infested sample units (Naranjo et al., 1996). This
relationship was evaluated at 7= 1 (B. tabaci adults) and 7= 3
(B. tabaci pupae). Both binomial models (7= 1 and 7'=3) were
adequately described, in that all the independent observations
fell within the 95% confidence band around the predicted model
(Fig. 5). Comparing the estimated mean and the actual mean
using FSS and SPRT showed that the means were very similar
(Table 2). Therefore, the binomial sampling plan developed in
this study is valid.

The binomial sampling plans presented here should greatly
enhance the efficiency of monitoring B. tabaci adults and
pupae in paprika greenhouses (Naranjo et al., 1996). In this
study, the best tally thresholds was 7= 1 for B. tabaci adults
and T =3 for B. tabaci pupae. In the case of adults, when T=1,

410 Korean J. Appl. Entomol. 55(4): 405~412 (2016)
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Fig. 5. The fit of the empirical model for independent collected
data sets using tally threshold of 1 B tabaciadults and 3 B. tabaci
pupae per leaf. The dotted lines represent 95% confidence
intervals around the predicted equation (middle line)

the #* value and the precision were the most suitable, so 7= 1
was selected as the best tally threshold. On the other hand, in
the case of B. tabaci pupae, the #* value was suitable at 7= 1
and the precision was appropriate when 7= 5. However, T=3
was selected as the best tally threshold because MSE is the
largest variance component (Nyrop and Binns, 1991). Pre-
cision for B. tabaci adults (T = 1) was higher than 0.25 as

recommended by Southwood (1978). However, in case of B.



Table 2. Resampling validation of fixed-sample-size binomial plan and Wald’s sequential binomial plan for independent collected data
sets based on binomial counts with the tally threshold of 1 B tabaciadults and pupae per leaf

Complete count

Average statistics over 500 simulation

Stage B | . D 3
Date Density PI n Density PI ASN oC
24 Jan. 0.48 0.22 54 0.48 0.22 19 0.96
14 Feb. 0.94 0.48 54 0.94 0.48 18 0.02
21 Mar. 0.83 0.40 54 0.83 0.40 26 0.20
Adults
25 Apr. 0.46 0.27 54 0.46 0.28 26 0.85
23 May. 0.33 0.25 54 0.33 0.26 25 0.90
30 May. 0.59 0.51 54 0.59 0.52 15 0.02
24 Jan. 0.16 0.01 54 0.16 0.01 20 1
14 Feb. 0.29 0.03 54 0.30 0.04 20 1
21 Mar. 0.59 0.05 54 0.60 0.05 20 1
Pupae
25 Apr. 6.2 0.40 54 6.2 0.40 35 0.20
23 May. 3.5 0.25 54 3.5 0.25 29 0.93
30 May. 1.75 0.10 54 1.76 0.10 20 1

n= Number of sample sizes for each data set
! Proportion of infested of leaf

? Average sample number

3 Operating characteristic

tabaci pupae (T = 3), the precision was about 0.3 which is
lower than 0.25. This result is believed to be due to the low
density of B. tabaci pupae on the bottom position because the
worker managing the greenhouse removes mostly the leaves at
the bottom. Because the life cycle of B. tabaci is short and
many numbers of individuals are proliferated, the low tally
threshold will enable quick decision making and improved

efficiency.

Acknowledgement

This study was supported by Rural Development Admin-
istration (PJ010851), Korea.

Literature Cited

Ahn, K.S., Lee, K.Y., Choi, M.H., Kim, J. W., Kim, G.H., 2001.
Effect of temperature and host plant on development and repro-
duction of the sweet potato whitefly, Bemisia tabaci (Homoptera:
Aleyrodidae). Korean J. Appl. Entomol. 40, 203-209.

Byrne, D.N., 1999. Migration and dispersal by the sweet potato
whitefly, Bemicia tabaci. Agric. For. Meteorol. 97, 309-316.

Binns, ML.R., Bostanian, N. J., 1990. Robust binomial decision rules
for integrated pest management based on negative binomial

distribution. AM. Entomol. 36, 50-54.

Cho, K., Kang, S.H., Lee, G.S., 2000. Spatial distribution and sam-
pling plans for Thrips palmi (Thysanoptera: Thripidae) infesting
fall potato in Korea. Korean J. Appl. Entomol. 93, 503-510.

Choi, W.S., Park, J.J., 2015. Development of sequential sampling
plan for Bemisia tabaci in paprika greenhouses. Korean J. Appl.
Entomol. Soc. 54, 159-167.

Elhag, E.A., Horn, D.J., 1983. Resistance of greenhouse whitefly
(Homoptera: Aleyrodidae) to insecticides in selected Ohio green-
houses. J. Econ. Entomol. 76, 945-948.

Jones, V.P,, 1994. Sequential estimation and classification proce-
dures for binomial counts. In: Pedigo LP, Buntin GD (eds)
Handbook of Sampling Methods for Arthropods in Agriculture,
CRC Press, Boca Raton, FL, pp. 175-205.

Jones, D.R., 2003. Plant viruses transmitted by whitefies. Eur. J.
Plant Pathol. 109, 195-219.

Kono, T., Sugino, T., 1958. On the estimation of the density of rice
stems infested by the rice stem borer. Jpn. J. Appl. Entomol. Zoo.
2, 184-188.

Kim, J.K., 2009. The population dynamics and management strat-
egies of sweetpotato White fly, Bemisia tabaci (Gennadius)
(Homoptera: Aleyrodidae). M. D. Dissertation, Gyengsang
National University, Jinju, Korea. (in Korean with English ab-
stract).

Lee, M.H., Kang, S.K., Lee,S.Y., Lee, H.S., Choi, J.Y., Lee, G.S.,
Kim, W.Y, Lee, S W., Kim, S.G., Uhm, K.B., 2005. Occurrence
of the B- and Q-biotypes of Bemisia tabaci in Korea. Korean J.

Binomial sampling plan for whitefly in paprika 411



Appl. Entomol. 44, 169-175.

Muiiiz, M., Nombela, G., 2001. Differential variation in develop-
ment of the B-and Q-biotypes of Bemisia tabaci (Homoptera:
Aleyrodidae) on sweet pepper at constant temperatures. Environ.
Entomol. 30, 720-727.

Nyrop, J.P, Binns, M., 1991. Quantitative methods for designing
and analyzing sampling programs for use in pest management. In:
Pimentel D, Hanson A (eds) Handbook of Pest Managemnet in
Agriculture, CRC Press, Boca Raton, pp. 67-132.

Naranjo, S.E., Flint, HM., Henneberry, T.J., 1996. Binomial sam-
pling plans for estimating and classifying population density of
adult Bemisia tabaci in cotton. Entomol. Exp. Appl. 80, 343-353.

Navas-Castillo, J., Fiallo-Olivé, E., Sanchez-Campos, S., 2011.
Emergingvirus diseases transmitted by whiteflies. Annu. Rev.
Phytopathol. 49, 219-248.

Perring, T.M., Cooper, A.D., Rodriguez, R.J., Farrar, C.A.,
Bellow, T.S., 1993. Identification of a whitefly species by ge-
nomic and behavioral studies. Science. 259, 74-77.

Park, S.H., Lee, J.H., Woo, J.H., Choi, S., Park, S.D., Park, H.H.,
2014. Economic Injury Level of Bemisia tabaci (Gennadius)
(Homoptera: Aleyrodidate) on Oriental Melon (Cucumis melo
L.) in Greenhouse. The Korean Journal of Pesticide Science. 18,
196-201. (in Korean with English abstract).

Sterling, W.L., 1975. Sequential sampling of cotton insect popu-
lations. Proceedings of the Beltwide Cotton Production and
Research Conference. pp.133-135.

412 Korean J. Appl. Entomol. 55(4): 405~412 (2016)

Southwood, T.R.E., 1978. Ecological methods. Second edition.
Chapman and Hall, London, England.

Schaalje, G.B., Butts, R.A., Lysyk, T.J., 1991. Simulation studies of
binomial sampling: A new variance estimator and density pre-
dictor, with special reference to russian wheat aphid (Homo-
ptera: Aphididae). J. Econ. Entomol. 84, 140-147.

Saguero-Navas, V.E., Funderburk, J.E., Mack, T.P., Beshear, R.J.,
Olson, S.M., 1994. Aggregation indices and sample size curves
for binomial sampling of flower inhabiting Frankliniella spp.
(Thysanoptera: Thripidae) on tomato. J. Econ. Entomol. 87,
1622-1626.

SAS Institute, 1995. SAS user’s guide. SAS Institute, Cary, NC.

Song, J.H., Lee, C.H., Kang, S.H., Kim, D.H., Kang, S.Y., Riu,
K.Z., 2001. Binomial sampling plans for the citrus red mite,
Panonychus citri (Mcgregor) (Acari: Tetranychidae) on satsuma
mandarin groves in Jeju. Korean J. Appl. Entomol. 40, 197-202.

Taylor, L.R., 1961. Aggregation, variance and the mean. Nature
189, 732-735.

Tonhasca, J.R., Palumbo, J.C., Byrne, D.N., 1994. Binomial sam-
pling plans for estimating Bemisia tabaci populations in cantaloupes.
Researches on population ecology. 36, 181-186.

Van Lenteren, J.C., Woets, J.V., 1988. Biological and integrated
pest control in greenhouses. Ann. Rev. Entomol. 33, 239-269.
Water, W.E., 1955. Sequential sampling in forest insect surveys.

Forest. Sci. 1, 68-79.





