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Abstract

Stink bugs are an emerging threat to soybean (Fabales: Fabaceae) in the North Central Region of the United
States. Consequently, region-specific scouting recommendations for stink bugs are needed. The aim of this
study was to characterize the spatial pattern and to develop sampling plans to estimate stink bug popula-
tion density in soybean fields. In 2016 and 2017, 125 fields distributed across nine states were sampled using
sweep nets. Regression analyses were used to determine the effects of stink bug species [Chinavia hilaris
(Say) (Hemiptera: Pentatomidae) and Euschistus spp. (Hemiptera: Pentatomidae)], life stages (nymphs and
adults), and field locations (edge and interior) on spatial pattern as represented by variance-mean relation-
ships. Results showed that stink bugs were aggregated. Sequential sampling plans were developed for each
combination of species, life stage, and location and for all the data combined. Results for required sample size
showed that an average of 40-42 sample units (sets of 25 sweeps) would be necessary to achieve a precision
of 0.25 for stink bug densities commonly encountered across the region. However, based on the observed
geographic gradient of stink bug densities, more practical sample sizes (5-10 sample units) may be sufficient
in states in the southeastern part of the region, whereas impractical sample sizes (>100 sample units) may be
required in the northwestern part of the region. Our findings provide research-based sampling recommenda-
tions for estimating densities of these emerging pests in soybean.
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The North Central Region of the United States ranks first for soy- in the region (Ragsdale et al. 2007, Hurley and Mitchell 2014).

bean, Glycine max (L.) Merr. (Fabales: Fabaceae), production, ac- However, stink bugs are an increasing concern for soybean in this re-
counting for 82% of the national soybean acreage (USDA-NASS gion for several reasons (Koch et al. 2017). The brown marmorated
2018). The soybean aphid, Aphis glycines Matsumura (Hemiptera: stink bug, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae), a
Aphididae), is currently the most important insect pest of soybean significant pest of fruit, vegetable, and field crops on the East Coast,
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is currently invading the North Central Region of the United States
(Leskey et al. 2012, Rice et al. 2014). In addition, there has been
an increasing abundance of native stink bug species, including
green [Chinavia bilaris (Say) (Hemiptera: Pentatomidae)], brown
[Euschistus servus (Say) (Hemiptera: Pentatomidae)], onespotted
[E. variolarius (Palisot de Beauvois) (Hemiptera: Pentatomidae)],
and redshouldered [Thyanta custator accerra McAtee (Hemiptera:
Pentatomidae)] stink bugs in field crops (Hunt et al. 2011, 2014;
Michel et al. 2015). Stink bugs feed on soybean seeds and pods using
piercing-sucking mouthparts, which results in lower seed quality and
yield (McPherson and McPherson 2000). Region-specific manage-
ment recommendations are needed (Koch et al. 2017).

Research programs, as with integrated pest management
programs, rely on accurate sampling to estimate insect densities
in the field as closely as possible to the true density (Naranjo and
Hutchison 1997, Moon and Wilson 2008, Pedigo and Rice 2009).
Sampling methods for estimating stink bug density in soybean include
the use of sweep nets, which is reported to be more cost-effective
than other traditional sampling methods (Todd and Herzog 1980,
Sane et al. 1999) and more efficient at lower insect densities (Reay-
Jones et al. 2009). In the North Central Region of the United States,
23 species of stink bugs are likely to occur in soybean fields (Koch
et al. 2017), with C. hilaris and species of Euschistus being the most
abundant (Koch and Pahs 2014, Koch and Rich 2015, Pezzini 2018).

Sampling plans can be grouped in different categories (i.e., detec-
tion, estimation, and decision sampling) that are used for different
purposes (Moon and Wilson 2008). Reliability of estimation sam-
pling plans is determined by the precision level, measured by the vari-
ance in estimated sample means (i.e., sample standard error) relative
to their associated means (Todd and Herzog 1980, Moon and Wilson
2008). Low precision estimates could be unreliable for research pur-
poses because they may misrepresent actual insect density. Currently,
sampling recommendations for estimation of stink bug abundance
in soybean fields vary across the United States (Table 1), and to our
knowledge, associated precision levels have not been characterized
for these recommendations. Sequential sampling for estimation uses
a pre-established precision level to estimate pest density in the field

Table 1. Scouting recommendations for stink bug sampling in soy-
bean in the United States

Entity Sample unit size?  Sample size”

Clemson University' 10 2

Mississippi State University? 100 —

NCSRP? 10 N

North Carolina State University* 15 12

Ohio State University® 10 3-5°

Purdue University® 20 —

Texas A&M University” 100 —

University of Kentucky?® 50 Increases with
field size

University of Missouri’ — ‘Several’

University of Tennessee!® 100 —

University of Wisconsin'! 20 5

‘—’ means information not indicated.

“Number of sweeps per sample unit.

*Number of sample units.

Sources: 'Greene (2017), 2Mississippi State University (2019), *Raudenbush
et al. (2017), *Reisig (2017), *Michel et al. (2015), ‘Krupke and Obermeyer
(2017), "Vyavhare et al. (2015), *University of Kentucky (https://ipm.ca.uky.
edu/content/green-stinkbug-soybeans), *Boyd and Bailey (2000), "Stewart
et al. (2010), and "'Cullen (2012).

(Naranjo and Hutchison 1997, Todd and Herzog 1980). Because of
their flexibility in adjusting sample size relative to the number of in-
sects collected, sequential sampling plans ensure that no more sam-
ples are collected than necessary, by considering the desired precision
level aimed to be achieved with sampling (Todd and Herzog 1980).
Sequential sampling plans are preferred because they save time and
may achieve a higher precision level than conventional methods (i.e.,
fixed sample size sampling plans; Todd and Herzog 1980, Hodgson
et al. 2004, Galvan et al. 2007, Reay-Jones et al. 2009).

The development of appropriate sampling plans for insects requires
an understanding of the spatial pattern of the target insect, which may
vary with species, abundance, life stage, landscape composition, and
sample unit employed (Taylor 1961, Vinatier et al. 2011). Where in-
sects are counted in sample units that are arranged spatially, then
spatial pattern affects variance in counts around the sample mean.
Taylor’s power law is a robust regression method that describes the
variance—mean relationship and thereby characterizes the spatial pat-
tern of that subject organism (Taylor 1961). Green’s method, a type
of fixed-precision sequential sampling for estimation, uses parameters
from Taylor’s power law regressions to characterize the spatial pattern
of the pest for calculation of sampling stop lines (i.e., when sampling
achieves the predetermined precision level; Green 1970).

Stink bugs are polyphagous pests, and their spatial and temporal
dynamics depend on the availability of food resources and patterns
of field colonization (McPherson and McPherson 2000, Panizzi
et al. 2000). Adults move to soybean fields in midsummer when soy-
beans reach reproductive growth stages (i.e., developing pods and
seeds; McPherson and McPherson 2000, Panizzi et al. 2000, Koch
and Rich 2015). Within fields, stink bug densities tend to be greater
at field edges (Tillman et al. 2009, Reeves et al. 2010, Leskey et al.
2012). During the colonization process, stink bug females lay clus-
ters of eggs on leaves (Panizzi et al. 2000). First instars emerging
from these eggs generally do not feed on the plants and remain
aggregated near the egg mass, probably for symbiont acquisition
(McPherson and McPherson 2000, Esquivel and Medrano 2014).
The subsequent four instars disperse to feed on plant material, but
remain relatively close to the oviposition site until they reach the
winged adult stage that readily colonizes other parts of the field or
other habitats (McPherson and McPherson 2000).

The goals of this study were to characterize the spatial pattern of
stink bugs in soybean fields in the North Central Region and to de-
velop and validate a sequential sampling plan to estimate stink bug
population densities in the region. Results of this study are essential
to improve sampling for research on stink bugs as they increase in
abundance and importance in this key soybean production area of
the United States.

Materials and Methods
Field Sites

A standardized protocol was used to sample stink bugs in soybean
fields distributed across the North Central Region of the United
States. In 2016, 63 fields were sampled in eight states: Indiana,
Kansas, Minnesota, Missouri, Nebraska, North Dakota, Ohio, and
South Dakota (Table 2). In 2017, 62 fields were sampled from the
same eight states, plus Michigan. In general, fields in each state were
at one to four separate sites, with one to four fields per site. Sites
were 13-368 km apart within states and were located at university
research stations or cooperating farms. Field sizes ranged from 0.3 to
120 ha (mean = SEM: 17.6 = 1.8 ha), row spacing was 76.2 cm, and
soybean varieties, planting dates, and management practices were
representative of the respective states. Fields were generally sampled
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on a weekly basis from beginning-bloom (R1) through full ma-
turity (R8) soybean growth stages (Fehr and Caviness 1977), which
spanned approximately mid-July to late September. A grand total of
125 fields were sampled during the 2 yr combined.

Data Collection

In each field, sampling was stratified with sample units collected
from a field edge (i.e., less than 10 m into the field) and from the
field interior (i.e., more than 10 m into the field; Leskey et al. 2012,
Venugopal et al. 2014). A sample unit consisted of a set of 25
pendulum-style sweeps through the upper canopy of two adjacent
soybean rows using a 39-cm-diameter sweep net. Each pass of the
net counted as one sweep, and consecutive sweeps were arranged
in a ‘Lazy-8 pattern (Kogan and Pitre 1980). Sample units were
spaced at least 10 m apart. In most locations, four sample units were
collected from the field edge, and eight sample units were collected
from field interior on each sample date. However, in two locations
in Minnesota, additional sample units (up to 50 sample units per
field per sample date) were occasionally collected. After each set of
25 sweeps was collected, the net was emptied into a 20.3 x 25.4 cm
plastic zipper-locking bag (Reloc Zippit, Lima, OH) and labeled by
date and location.

Bags were frozen soon after collection, rough sorted to extract
stink bugs, and then specimens were shipped to the University of
Minnesota for identification and quantification. Nymphs were iden-
tified to genus using DeCoursey and Esselbaugh (1962) and Evans
(1985), and adults were identified to species and subspecies using
keys in McPherson and McPherson (2000), Rider (2012), and Paiero
et al. (2013). Voucher specimens of each species were placed in the
University of Minnesota Insect Collection in St. Paul, MN.

Assessment of Spatial Patterns

Based on Kogan and Herzog (1980), we use the term ‘spatial pattern’
as opposed to other commonly used terminology, such as ‘spatial
distribution’ or ‘spatial dispersion’. The spatial pattern of stink bugs
was assessed for each combination of stink bug species, life stage,
and location by calculating arithmetic means and variances of the
number of stink bugs for each set of sweep net samples (i.e., col-
lection of sample units from a given field on a given sample date).
The relationships between matching sample variances and means
were analyzed using Taylor’s power law equation s = am®, where
s* is sample variance, 7 is sample mean, a is a sampling parameter,
and b is an index of aggregation (Taylor 1961). From regression of
matching log, -transformed sample variances on y-axis and log, -
transformed means on x-axis, the parameter a of Taylor’s power law

Table 2. Number of soybean fields sampled for stink bugs with
sweep nets in cooperating states in the North Central Region of
the United States, by study year

State 2016 2017
Indiana 8 8
Kansas 8 7
Michigan 0 8
Minnesota 12 8
Missouri 8 4
Nebraska 7 8
North Dakota 8 8
Ohio 8 8
South Dakota 4 3
Total 63 62

is estimated by the antilog of the regression’s intercept, and b is esti-
mated by the regression’s slope.

The parameter b can range fromb <1to b =1to b > 1, indicating
uniform, random, or aggregated spatial patterns, respectively (Taylor
1961). Determination of stink bug spatial patterns was performed by
comparing b values to 1 using #-tests with df =7 - 2 and P = 0.05
(Wilson 1985, Zar 1999). Excluding samples from fields where stink
bugs were absent, spatial patterns were examined in a total of 1,416
data sets involving different field locations, stink bug species, and
life stages.

Spatial patterns in all of the data sets were examined by fitting
a generalized linear mixed model using the ‘lme4’ package (Bates
et al. 2015) in R version 3.4.3 (R Core Team 2018). Log variance
was the response variable, and fixed effects were log mean, stink
bug species, location in field (i.e., interior and edge), life stage (i.e.,
adult and nymph), and two- and three-way interactions. Random
effects were year and state. Significance was determined by likeli-
hood ratio y? tests. A significant interaction between a regression’s
slope (i.e., log mean) and any of the other fixed effects indicated
that slopes varied among corresponding species, life stages, or lo-
cations. Backward elimination was used to omit nonsignificant
(P > 0.05) main effects or interactions. Marginal R-squared (7?)
for each regression was calculated using the package ‘MuMIn’
(Barton 2018).

Sampling Plan Development

Stop lines for sequential sampling plans were developed from
1,416 data sets (i.e., samples split by species, life stage, and loca-
tion) from individual field visits. Green’s method defines stop lines
as T, > (anlfb/D)l/(Z_b)
bugs, 7 is growing number of sample units, D is desired precision
(SEM/mean), and a and b are parameters of Taylor’s power law

, where T is cumulative number of stink

(Green 1970, Naranjo and Flint 1994). Desired precision was set at
0.25, a recommended level for pest sampling purposes (Southwood
1978), which has been used to develop sampling plans by others
(e.g., Naranjo and Hutchison 1997, Hodgson et al. 2004). Stop lines
were calculated for a minimum of 7 = 4 sample units, which is the
smallest sample size recommended for sampling stink bugs in rice,
Oryza sativa L. (Poales: Poaceae) (Espino et al. 2008), in cotton,
Gossypium hirsutum L. (Malvales: Malvaceae) (Reay-Jones et al.
2009), and more generally for arthropods in soybean (Kogan and
Pitre 1980).

We compared stop lines for different stink bug species, life
stages, and field locations by examining their respective 83% con-
fidence intervals for overlap (Payton et al. 2003). This approach
was used to account for the inflation of errors when multiple treat-
ments with similar standard errors are compared (Payton et al.
2003). Confidence intervals were calculated with the boot procedure
(Canty and Ripley 2017) in R, with sample sizes of 1,000 estimates
of Taylor’s power law parameters from relevant subsets of the ori-
ginal sample data, resampled with replacement. In turn, we calcu-
lated 8.5th and 91.5th percentiles for T s over a realistic range of
chosen sample sizes. Because few of the stop lines among species,
life stages, and field locations were judged to be different based on
the overlap of confidence intervals, the data sets were combined, and
a single sequential sampling plan was developed for more practical
use by researchers through the region. Stop lines for the combined
sequential sampling plan were developed from 526 of the 549 data
sets from individual field visits (i.e., samples) and followed the same
steps described previously. The remaining 23 data sets were reserved
for subsequent validation of the sampling plan.
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Required Sample Size for Population Estimates

Using the 549 data sets of our study, we calculated the minimum
number of sample units required to estimate stink bug density in soy-
bean fields with a given level of reliability based on the method by
Green (1970), N = amP~% /D?, where a and b are Taylor’s power law
parameters, 7 is insect mean density, and D is the desired precision
level, set at 0.25. Furthermore, the combined sequential sampling
plan developed above was validated using Resampling for Validation
of Sampling Plans (RVSP) v. 2.0, following methods of Naranjo
and Hutchison (1997). Simulations were performed by randomly
selecting samples with replacement from the validation data sets
until the corresponding stop line was exceeded. If resulting average
precision values were better than the desired precision values, de-
sired precision was relaxed to obtain the average desired precision
(Burkness and Hutchison 1997, Galvan et al. 2007, Tran and Koch
2017). Resampling analysis to determine the sample sizes required to
attain the desired precision was based on 500 resampling iterations
of each data set. The resulting sample sizes were averaged across
validation data sets to obtain the average sample number (ASN) for
estimating stink bugs in soybean fields over the ranges of densities
of stink bugs experienced in the 23 validation data sets (i.e., sam-
ples). In addition, based on the above sampling plan, more prac-
tical sample sizes falling in the range of current recommendations
(Table 1) were assessed for resulting levels of precision. Particularly,
simulations were performed by adjusting desired precision levels to
achieve a targeted ASN of 6 and 10 sample units.

Results and Discussion

In total, 373 and 381 samples were collected in 2016 and 2017, re-
spectively. Across years, a total of 1,973 adults and 3,857 nymphs
of Euschistus spp. and C. hilaris were collected, with densities ran-
ging from 0.04 to 14.9 stink bugs per 25 sweeps (mean of 1.2 stink
bugs per 25 sweeps). Analyses and sample plan development fo-
cused on C. hilaris and Euschistus spp. because these species have
the potential to damage soybean in the North Central Region of
the United States (Koch et al. 2017, Pezzini 2018), and they repre-
sented over 95% of all individual stink bugs collected. Euschistus
spp. were more prevalent (86% of the total) in northwestern states
in the region (i.e., Kansas, Michigan, Minnesota, Nebraska, North
Dakota, and South Dakota), whereas C. hilaris was more prevalent
(65% of the total) in southeastern states (i.e., Indiana, Missouri,
and Ohio). Euschistus spp. consisted of six species and subspe-
cies |E. variolarius, E. s. servus (Say) (Hemiptera: Pentatomidae),
E. s. euschistoides (Vollenhoven) (Hemiptera: Pentatomidae),
E. servus hybrid, E. tristigmus tristigmus (Say) (Hemiptera:
Pentatomidae), and E. . luridus Dallas (Hemiptera: Pentatomidae)].
Additional stink bug species observed in our study represented less
than 6% of the total number of stink bugs, and they were low in
abundance (0-0.03 stink bugs per 25 sweeps). Therefore, these spe-
cies were not included in our analyses. Results of species abundance
observed here were consistent with earlier reports (McPherson and
McPherson 2000, Koch et al. 2017).

Assessment of Spatial Patterns

Slopes and intercepts of log-transformed Taylor’s power law re-
gressions from the 1,416 data sets (i.e., samples split by species,
life stage, and location) differed significantly among the principal
stink bug species (Euschistus spp. vs C. hilaris), their life stages
(nymphs vs adults), and locations within fields (edge vs interior;
Table 3). These statistical differences justified separation of the data

for species-, stage- and location-specific assessments of spatial pat-
terns (Table 4). Regression models for all the data combined and
for subsets involving each species-, life stage- and location-specific
analyses had slopes (bs) that were statistically greater than one
(P < 0.05), which indicated aggregated spatial patterns, at least at
relatively high densities (Table 4).

Aggregated spatial patterns were previously described for stink
bugs in soybean (Todd and Herzog 1980), rice (Espino et al. 2008),
cotton (Reay-Jones et al. 2009, Tillman et al. 2009), and corn, Zea
mays L. (Poales: Poaceae) (Babu and Reisig 2018). In our study,
nymphs and adults of both C. hilaris and Euschistus spp. were aggre-
gated in field edges and interiors, but they exhibited different levels
of aggregation, which may be due to differences in stink bug density
between species, life stages, and field locations (Tables 3 and 4).

Spatial pattern of an insect species is primarily determined by
its behavior (Davis 1994), and the level of aggregation can differ
among insect life stages (Taylor et al. 1961). For example, aggre-
gation of Nezara viridula (L.) (Hemiptera: Pentatomidae) adults in
rice fields was related to the sexual attraction of males to females
(Nakasuji et al. 19635). In addition, aggregation can also be mediated
by substrate-borne vibrational signaling (Harris and Todd 1980,
Lampson et al. 2013) and by species-specific aggregation phero-
mones produced by males that attract males, females, and nymphs
(Aldrich et al. 1991, Tillman et al. 2010). Differences in spatial pat-
terns between stink bug adults and nymphs are probably mediated
by the ovipositional behavior of stink bug females and differences in
dispersal capacity of the life stages. Specifically, females lay eggs in
clusters and resulting nymphs have limited mobility until later instars
compared with mobile winged adults (Kiritani et al. 1965, Reay-
Jones et al. 2009). Different levels of aggregation among stink bug
species have been observed in various crops such as wheat, Triticum
aestivum L. (Poales: Poaceae), cotton, peanut, Arachis hypogaea
L. (Fabales: Fabaceae), soybean, and corn (Reay-Jones 2014, Pilkay
et al. 2015). Differences in the level of aggregation across locations
in the field are probably driven by differences in the spatial and tem-
poral colonization pattern and flight capacity of stink bug species in
search of high-quality food sources (Tillman et al. 2009, Reay-Jones
2014, Pilkay et al. 2015, Wiman et al. 2015, Babu 2018).

Sampling Plan Development
To use sequential sampling plans for estimation, a crop scout
tracks the cumulative number of stink bugs (T ) and the cumulative

number of sample units () in Figs. 1 and 2, and sampling ceases
when the critical stop line is exceeded. In our study, results from

Table 3. Summary of y? tests for significance of effects of log
sample means, stink bug species (Chinavia hilaris and Euschistus
spp.), life stages (nymphs and adults), and field locations (field
edge and interior) on log sample variances among sweep net sam-
ples from soybean fields in nine states in the North Central Region
of the United States, 2016 and 2017

Variables® b df P

Log mean 6554.4 1 <0.001
Species 9.6 1 0.002
Life stage 1.1 1 0.303
Location 10.7 1 0.001
Log mean x Species 17.7 1 <0.001
Species x Location 6.3 1 0.011
Log mean x Life stage x Species 10.2 1 0.001

“Nonsignificant interactions of main effects were removed from table.
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Table 4. Summary of regression analyses of log sample variances on log sample means for counts of Chinavia hilaris and Euschistus spp.

nymphs and adults in edges and interiors of soybean fields in the North Central Region of the United States

Species Life stage Location nt a (95% CI) b (95% CI) tvalue (b=1) 7
Chinavia hilaris Adult Edge 110 1.04 (0.94, 1.16) 1.06 (0.96, 1.16) 2.1* 0.71
Interior 97 1.34 (1.14, 1.58) 1.13 (1.02, 1.23) 3.4 0.82
Nymph Edge 90 1.35 (1.22,1.49) 1.23 (1.15,1.31) 4.3% 0.84
Interior 83 1.63 (1.44,1.84) 1.26 (1.17,1.34) 4.6 0.92
Euschistus spp. Adult Edge 223 1.21 (1.09, 1.35) 1.15 (1.07, 1.24) 7.6* 0.81
Interior 262 1.05 (0.92, 1.20) 1.03 (0.96, 1.11) 2.1% 0.88
Nymph Edge 271 1.04 (0.96,1.12) 1.04 (0.98,1.11) 2.0* 0.72
Interior 280 1.14 (1.06, 1.22) 1.06 (1.02,1.11) 2.2% 0.87
Combined” 549 1.40 (1.32, 1.48) 1.16 (1.13, 1.18) 6.8% 0.93

CI (confidence interval).

“Number of data sets.

’Data combined across species, life stages, and locations.

*t-test with 72 — 2 degrees of freedom and P = 0.05 indicated a significant departure of coefficient b from a value of 1.
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Fig. 1. Green’s sequential sampling plans for estimating mean density of herbivorous stink bugs in soybean in the North Central Region of the United States,
by species, life stage, and location in field, with 25-sweep sample units and precision level = 0.25. Sampling plans for (A) Chinavia hilaris in field edges and (B)
interiors and for (C) Euschistus spp. in field edges and (D) interiors. Black lines are stop lines for cumulative number of stink bugs (Tn), and gray lines indicate
bootstrap estimates of upper and lower 83% confidence limits for the stop lines.
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10 T T Y T
10 20 30 40

Number of sample units (n)

Fig. 2. Green’s sequential sampling plan for estimating mean density of
herbivorous stink bugs in soybean in the North Central Region of the United
States, using 25-sweep sample units, combined across species, life stages,
and field locations, and with precision level = 0.25. Black line indicates stop
line for cumulative number of stink bugs (7n), and gray lines indicate upper
and lower 83% confidence limits for the stop line.

regression analyses supported the separation of data by species, life
stage, and location in the field. Therefore, sampling plans for each
combination of these covariates were developed for a fixed precision
of 0.25 (Fig. 1). Estimating the density of stink bugs by species, life
stage, and/or location in the field may be of use for researchers with
specific interests. Also, the availability of species-specific sampling
plans is important because of the relative differences in geographic
distribution and abundance of each species across the North Central
Region of the United States (Pezzini 2018).

Species-, life stage-, and location-specific sampling plans may
have value for detailed research purposes, but more generalized
sampling recommendations may also be desirable. Though statis-
tical differences in spatial patterns existed among species, life stages,
and locations, confidence intervals developed for sequential sam-
pling plan stop lines for each combination generally overlapped
(Fig. 1), suggesting these sampling plans may be combined. Because
injury thresholds for soybean are based on counts of nymphs and
adults of all herbivorous species combined (Boyd and Bailey 2000,
McPherson and McPherson 2000, Stewart et al. 2010, Cullen 2012,
Michel et al. 2015, Greene 2017, Koch et al. 2017, Raudenbush
et al. 2017, Reisig 2017), and studies show different stink bug spe-
cies (i.e., E. servus, N. viridula, C. hilaris) causing similar damage
to soybean (McPherson et al. 1979, Jones and Sullivan 1982,
McPherson and McPherson 2000), we propose a single sampling
plan to estimate stink bug density across species (i.e., C. hilaris and
Euschistus spp.), life stages (i.e., nymph and adult), and locations in
fields (i.e., edge and interior; Fig. 2).

Required Sample Size for Population Estimates

Calculated minimum required sample sizes for species, life stages, and
field locations combined decreased with increasing stink bug density
(Fig. 3). Based on all 549 data sets (i.e., samples), an ASN of 42 sets of
25 sweeps would be required to achieve a precision level of 0.25 for

the range of stink bug densities commonly encountered in soybean
across the region (i.e., 0.04-14.9 stink bugs per 25 sweeps; Fig. 3A).

The combined sequential sampling plan described previously was
validated through resampling of the 23 reserved data sets (Fig. 3B,
Table 5). During resampling simulations, average achieved precision
exceeded the desired level of 0.25, so desired precision was relaxed
to 0.28 to achieve an empirical precision of 0.25, as was performed
by Burkness and Hutchison (1997), Galvan et al. (2007), and Tran
and Koch (2017). Similarly, results based on the average of the sam-
ples used for validation showed that an ASN of 40 sets of 25 sweeps
would be required to achieve a desired precision of 0.25 for stink
bug densities ranging from 0.05 to 10.4 stink bugs per 25 sweeps
(mean of 1.8 stink bugs per 25 sweeps; Fig. 3B, Table 5).

Because collection of approximately 40 and 42 sample units may
be impractical for most applications, we calculated precision levels ex-
pected from more practical and commonly used sample sizes of 6 and
10 sample units (Table 1), which resulted in average precision levels of
0.54 and 0.43, respectively, across the range of stink bug densities ob-
served in this nine-state study (Fig. 3C and D, Table 5). Because the com-
monly recommended sample sizes resulted in precision levels greater
than 0.25, the use of those sampling recommendations may provide
unreliable estimates for the average range of stink bug densities com-
monly observed across the North Central Region of the United States.

Although the objective of our study was to create a common
sampling plan for estimating stink bug density in North Central
Region soybean, our results show that required sample sizes changed
abruptly with increasing densities, as observed in different states and
soybean growth stages (Pezzini 2018). When densities were relatively
low (i.e., <0.5 stink bugs per 25 sweeps), which was often the case
when fields were in vegetative and early reproductive growth stages
in northern states such as the Dakotas and Minnesota, as many as
109 sample units would have been required to obtain a desired pre-
cision level of 0.25. Where densities were intermediate, one to three
stink bugs per 25 sweeps, which was observed in fields with growth
stages of beginning seed-set through beginning maturity in Ohio and
Michigan, fewer than 20 sample units would have been required.
Last, where densities exceeded three stink bugs per 25 sweeps, which
was observed in fields that had reached full seed-set in Nebraska,
Missouri, and Indiana, as few as 5 sample units would have been
needed to achieve a precision level of 0.25.

Comparison of the present sample size requirements with pre-
viously published sampling plans is difficult because of the lack of
studies using the same sampling methods (Souza et al. 2014, Babu
and Reisig 2018). The contrast between statistically based sampling
plans versus practical scouting recommendations is not unusual.
A fixed-precision sampling plan for aster leathopper, Macrosteles
quadrilineatus Forbes (Hemiptera: Cicadellidae), in carrot, Daucus
carota (L.) (Apiales: Apiaceae), estimated that 86 ten-sweep
sample units and 5 ten-sweep sample units were required to es-
timate low (<0.17 M. quadrilineatus per sweep) and high (>0.17
M. quadrilineatus per sweep) leafhopper densities, respectively, at a
precision level of 0.25, compared with an extension recommendation
of a total 100 sweeps (O’Rourke et al. 1998). In cotton, 88 sample
units of 25 sweeps were estimated as necessary to reach a precision
level of 0.30 for a density of one stink bug per 25 sweeps, but no
sample size recommendation was available previously (Reay-Jones
et al. 2009).

Conclusions

This is the first study to examine spatial patterns of stink bugs
in soybean in the North Central Region of the United States and
to develop and validate sampling plans for estimating stink bug
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Fig. 3. Summary of required sample size for estimating stink bug density for all stink bug species, life stages, and field locations in soybean in the North Central
Region of the United States. (A) Minimum sample size requirement based on 549 data sets for a desired precision level of 0.25. (B) Sample size requirement
for a desired precision level of 0.25 with a resampling validation software. (C and D) Sampling plans for an average sample number (ASN) of 10 and 6 sample
units, respectively, using resampling. Black solid lines indicate mean required sample size and dashed lines are maximum and minimum required sample sizes.

Solid gray horizontal lines indicate desired ASN.

Table 5. Summary results for resampling validation of Green’s se-
quential sampling plan for estimating mean density of stink bugs
in soybean in the North Central Region of the United States, with
desired fixed-precision level = 0.25 for species, life stages, and field
locations combined, and a desired average sample number (ASN)
of 6 and 10 sample units at the mean density observed across the
validation data sets (i.e., 1.8 stink bugs per 25 sweeps [range of
0.05-10.4 stink bugs per 25 sweeps])

Precision ASN
D min max N Nm\n Nmax
0.25 0.12 0.35 40 19 72
0.43 0.04 0.77 10 4 34
0.53 0.06 0.90 6 4 21

population density in soybean in the region. Regression analyses of
sample variances and means indicated that C. hilaris and Euschistus
spp. are aggregated in soybean fields in the North Central Region.
Results for required sample size based on validation of data sets and
on calculations using the entire data showed that an ASN of 40-42

25-sweep sample units would be necessary to achieve a desired pre-
cision of 0.25 (Fig. 3A and B).

Based on the gradient of stink bug densities found across the re-
gion, sampling in soybean in states in the southeastern part of the
region where stink bug densities are higher may attain acceptable pre-
cision levels with relatively small sample sizes (6-20 sample units),
which matches some of the current recommendations for stink bug
scouting (Table 1). In contrast, in the northwestern part of the re-
gion where lower stink bug densities are generally encountered, cur-
rent sampling recommendations for stink bugs (Table 1) may provide
an inadequate level of precision, and prohibitively large sample sizes
(~100 sample units) would be required to achieve acceptable levels
of precision (Fig. 3A and B). Practitioners should consider an arbi-
trary maximum number of sample units to balance cost (i.e., time)
and reliability of estimates (i.e., precision) and to prevent never-ending
sampling bouts when stink bug densities are very low. Further efforts
to improve sampling plans for stink bug density estimation should
evaluate different sample unit sizes (i.e., number of sweeps/sample
unit) and cost-effectiveness (i.e., time spent sampling) of alternate sam-
pling plans. Knowledge of the extent of stink bug aggregation should
guide the development of practical sequential binomial sampling plans
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for use by field scouts and growers who need to make stink bug treat-
ment decisions when densities are near economic thresholds.
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