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Abstract Halyomorpha halys (Stål), the brown mar-

morated stink bug, is an invasive, polyphagous insect that

causes serious economic injury in particular to specialty

crops in the United States. Growers have been forced to

respond by increasing the frequency of broad-spectrum

insecticide (e.g., neonicotinoid, pyrethroid, and carbamate)

applications. One strategy to reduce reliance on insecti-

cides is known as ‘‘attract-and-kill’’ whereby the targeted

insect is attracted to a spatially precise location to be

eliminated by a killing agent such as an insecticide. This

approach can substantially reduce the amount of insecticide

used by sparing alternate row middle or whole block

sprays. For apple orchards, we propose baiting select bor-

der row trees with the H. halys aggregation pheromone and

synergist and subsequently treating these baited trees with

effective insecticides to kill H. halys throughout the

growing season. To evaluate the behavioral basis of this

approach, we conducted orchard trials with black pyramid

traps, harmonic radar, and trials using baited apple trees

sprayed weekly to quantify H. halys arrestment area,

retention time, adult and nymph annihilation, and fruit

injury in and near these attract-and-kill sites. The arrest-

ment area for H. halys was confined to a 2.5 m radius

around the pheromone- and pheromone synergist-baited

trap regardless of pheromone dose (84 or 840 mg), while

the retention capacity of adults was significantly increased

by pairing the aggregation pheromone and synergist with a

fruiting host plant compared with non-host sites. Damage

to fruit harvested from baited attract-and-kill trees was

high, but minimal in surrounding unbaited neighboring

apple trees. Our results suggest attract-and-kill may be an

effective strategy for managing H. halys season-long.
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Key messages

• Halyomorpha halys management relies on repeated

insecticide applications to susceptible crops.

• We evaluated the behavioral basis for a proposed

attract-and-kill strategy in apple as a means to reduce

insecticide inputs.

• We found that attract-and-kill holds promise as H. halys

activity was confined to a small arrestment area around

a pheromone source, and the use of harmonic radar

showed that retention time at these sites was greatest

when a host plant (apple) was present.

• High kill of H. halys was achieved in baited attract-and-

kill apple trees season-long with minimal damage on

adjacent unbaited trees.
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The invasive species, Halyomorpha halys (Stål) (Hemi-

ptera: Pentatomidae), or brown marmorated stink bug, was

accidentally introduced to the United States in the mid-

1990s from Asia (Hoebeke and Carter 2003). Since its

introduction, populations have slowly increased, until they

reached outbreak proportions in mid-Atlantic states (e.g.,

Delaware, Maryland, New Jersey, Pennsylvania, and West

Virginia) in 2010 (Leskey et al. 2012a), causing an esti-

mated US $37 million in damage in apple alone (USAA

2011; Leskey et al. 2012b). More broadly, there has been

widespread damage in row and specialty crops (Lee et al.

2013b; Leskey et al. 2012c; Basnet et al. 2014; Rice et al.

2014). This is a highly polyphagous pest, consuming over

100 host plant species, including row crops, vegetables,

tree and small fruit, ornamental crops, and wild hosts (Lee

et al. 2013b; www.stopbmsb.org). Growers in the US have

responded to the threat posed by H. halys by applying

broad-spectrum (e.g., neonicotinoid, pyrethroid, and car-

bamate) insecticides more frequently (Leskey et al. 2012c),

which has resulted in the disruption of many long-estab-

lished integrated pest management (IPM) programs in

specialty crops.

An unfortunate side effect of aggressive insecticide

usage in fruit orchards has been the disruption of natural

biological control by eliminating or decreasing natural

enemies. As a result, apple growers have reported frequent

secondary pest outbreaks of woolly apple aphid (Eriosoma

lanigerum (Hausmann)), mites (e.g., Panonychus ulmi

(Koch)), and scales (e.g., Quadraspidotus perniciosus

Comstock) (Leskey and Hamilton 2013). The introduction

of effective natural enemies from the native range of H.

halys may be the best long-term strategy (e.g., Rice et al.

2014; Talamas et al. 2013; Yang et al. 2009) as this will

allow growers to go long periods without spraying sus-

ceptible crops. In various countries in the native range of

H. halys where these effective natural enemies are com-

monly present, H. halys is only an occasional outbreak pest

(Lee et al. 2013a). However, the process of importing

biological control agents associated with H. halys from its

country of origin is a very laborious procedure that may

take up to a decade before seeing a payoff in increased

control in the field (Hajek 2004). As a result, growers need

strategies that they can implement in the field in the near-

term to help decrease the amount of economic injury and

insecticides used.

A management strategy for H. halys that could be

implemented in the near-term is an attract-and-kill system.

This approach is based on attracting the pest to a spatially

precise area with an attractive olfactory, visual, or other

appropriate stimulus, and then regularly treating the area

with a killing agent (e.g., insecticide) to efficiently control

the pest. As a result, the grower is able to apply insecticide

to a much smaller area, while maintaining a similar or

greater level of pest control in the field compared with

grower standard practices. Attract-and-kill systems have

been developed with some level of success for other pests,

including olive fruit flies (Bactrocera oleae (Rossi):

Mazomenos et al. 2002), alfalfa looper (Autographa cali-

fornica (Speyer): Camelo et al. 2007), apple maggot fly

(Rhagoletis pomonella (Walsh): Wright et al. 2012), plum

curculio (Conotrachelus nenuphar (Herbst): Leskey et al.

2008), and sap beetles (Carpophilus spp.: Hossain et al.

2005). The two-component aggregation pheromone for H.

halys has recently been identified as (3S,6S,7R,10S)-10,11-

epoxy-1-bisabolen-3-ol and (3R,6S,7R,10S)-10,11-epoxy-

1-bisabolen-3-ol in a 3.5:1 ratio (Khrimian et al. 2014). In

addition, the aggregation pheromone of the Oriental stink

bug, Plautia stali Scott (Hemiptera: Pentatomidae), methyl

(2E,4E,6Z)-2,4,6-decatrienoate (MDT) (Sugie et al. 1996),

serves as a strong synergist (Weber et al. 2014a). If used

appropriately in combination with judicious insecticide

sprays, these chemical stimuli could form the basis for an

attract-and-kill program for H. halys in apple.

The biology of the pest must be taken into account (El-

Sayed et al. 2009) when developing an attract-and-kill

program for H. halys. Specifically, H. halys is a perimeter-

driven pest, and it has been documented as causing ele-

vated levels of damage on the borders of fruit orchards

(Leskey et al. 2012c; Joseph et al. 2014). In addition, H.

halys is a landscape-level threat, often colonizing preferred

wild and cultivated hosts as they start to seed and fruit, and

dispersing frequently among fields depending on nutri-

tional requirements and phenology of crops (Lee et al.

2013b; Nielsen and Hamilton 2009a). This landscape-level

threat becomes even more apparent when one considers the

dispersal capacity of H. halys where nymphs can travel up

to 20 m in * 6 h (Lee et al. 2014) while adults can fly an

average of 2.5 km in\24 h (Lee and Leskey 2015; Wiman

et al. 2014). In light of this information, attract-and-kill

sites may be best suited for placement on the perimeter of

orchards where dispersing adults and nymphs can be

intercepted. When spaced at regular intervals, these

perimeter attract-and-kill sites may retain H. halys on the

border and remove them prior to causing extensive damage

to fruit towards the interior of the orchard.

However, before an attract-and-kill program can be

evaluated in commercial apple orchards, several underlying

behavioral and system-level optimization questions must

be addressed. One of these questions is whether H. halys

can be successfully attracted to a spatially precise area on

the perimeter of an orchard. This is an important question,

because if the area around a pheromone source is diffuse

and large, there may be a wide area of fruit damage in

proximity to attract-and-kill sites. Secondly, even if H.

halys can be successfully attracted to a spatially confined

area, it is critical to understand how long they can be
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retained in that area, and if their residency time is increased

in the presence of attractive olfactory stimuli. Ideally, H.

halys adults need to be retained in an area long enough to

take up a lethal dose of an insecticide. Finally, it is

important to determine the most effective killing agent in

order to obtain the maximum removal of adult and nym-

phal H. halys populations from the orchard agroecosystem.

This study addresses these underlying behavioral ecology

and practical management questions for a potential attract-

and-kill system in apple for H. halys.

The goals of this study were to (1) elucidate the area of

arrestment of H. halys around pheromonal stimuli based on

H. halys presence in baited and unbaited traps, (2) quantify

the retention capacity of tagged H. halys on baited or

unbaited host and non-host plants using harmonic radar, (3)

assess the abundance of H. halys and injury to fruit on focal

apple trees at attract-and-kill sites baited with varying

levels of pheromonal stimuli and at adjacent unbaited trees,

and (4) document if sustained mortality occurs over a 6-day

interval at attract-and-kill sites in the perimeter of apple

blocks.

Materials and methods

Arrestment area on non-host structures

In 2013, an experiment to elucidate the area of arrestment

around a pheromone source by H. halys was established in

mowed grass fields at the Appalachian Fruit Research

Station (Kearneysville, WV). The H. halys pheromone

used in this study was a crude mixture of isomers con-

taining 32 % of cis-(7R)-10,11-epoxy-1-bisabolen-3-ol and

58 % trans-(7R)-10,11-epoxy-1-bisabolen-3-ol formulated

in rubber septa (#11 in Leskey et al. 2015b); 31 mg of this

lure contained 10 mg of cis-(7R)-10,11-epoxy-1-bisabolen-

3-ol, which was used as the criterion for lure characteri-

zation. A pheromone lure containing 10, or 100 mg (10

lures deployed, each with 10 mg) of the H. halys aggre-

gation pheromone combined with 66 mg of MDT (methyl

(2E,4E,6Z)-2,4,6-decadienoate) (AgBio, Inc., Westminster,

CO) formulated in polyethylene sachets was placed at the

top of a black pyramid trap base (1.22 m high by 0.5 m

wide, no jar top included: AgBio, Inc., Westminster, CO)

to attract H. halys and native stink bugs (e.g., Euschistus

spp. andMurgantia histrionica (Hahn), among others). The

control treatment contained no aggregation pheromone or

synergist. Black pyramid trap bases without lures were

subsequently placed 1, 5, 10, and 20 m away from the

center trap in each cardinal direction. The total number of

adults on the central trap base and surrounding unbaited

bases were visually counted at 4, 8, and 24 h after

deploying the pheromone lure on the center trap base.

Three of these plots, spaced at least 50 m apart, were

established and sampled in three separate trials from 12

Sep to 19 Sep 2013, a period when high numbers of H.

halys are typically present in the field (Leskey et al. 2015a).

To quantify the area of H. halys arrestment around a

pheromone source in 2013, we used an ANOVA. A model

was created that evaluated the abundance of H. halys, using

distance (0, 1, 5, 10, and 20 m), pheromone dose (10 mg,

100 mg, and unbaited control), and sampling interval (4, 8,

and 24 h) as independent, categorical variables. These

were treated as categories because the gaps between the

treatments were irregular. Residuals were inspected for

assumptions of normality, which were not fulfilled. As a

result, the data were log-transformed before the analysis.

After a significant result from the ANOVA, pairwise

comparisons were carried out with Tukey’s HSD. Treat-

ment effects were considered significantly different at

P\ 0.05 for this and all subsequent tests. All statistical

analyses in this study were carried out in JMP Genomics v.

5.0 (SAS Institute, Inc. 2010).

In 2014, a modified version of the same experiment was

conducted for a longer period of time to further quantify

the area of arrestment for H. halys around a pheromone

source. This study was conducted from 14 Aug to 25 Sep

2014 at the Appalachian Fruit Research Station in mowed

grass fields. At the center of the plots, either 84 mg (low)

or 840 mg (high) of the H. halys aggregation pheromone

prepared by ChemTica International, S.A., Heredia, Costa

Rica (following Leskey et al. 2015b) combined with 66 mg

MDT (BMSB Smart Lure P460, ChemTica International,

S.A., Heredia, Costa Rica) were deployed in a vented trap

top attached to a black pyramid trap (1.22-m high by 0.5-m

wide, same as in 2013, but with the jar top). Any MDT

used in further experiments described below is from this

same supplier. To achieve this dosage of active aggregation

pheromone ingredient, two high-dose lures (42 mg each)

were combined for the low pheromone treatment (84 mg),

and 20 lures were combined in the high treatment

(840 mg). For each aggregation pheromone lure, 420 mg

of stereoisomeric mixture containing 10 % cis-(7R)-10,11-

epoxy-1-bisabolen-3-ols (Leskey et al. 2015b) were

adsorbed to a 12 9 6.5 cm fiber pad, which was placed

inside a tea bag to protect it from the rain. Aggregation

pheromone lures had a release rate of 8 mg d-1 of total

isomers and 0.819 mg d-1 of cis-(7R)-10,11-epoxy-1-bis-

abolen-3-ols isomers for 30 days at 20 �C. Unbaited black

pyramid traps were deployed at 2.5, 5, and 10 m in each

cardinal direction from the baited central trap. All trap tops

for both baited central and unbaited surrounding pyramid

traps contained half of a kill strip with 10 % 2,2-dichlor-

ovinyl dimethyl phosphate (Vaportape II, Hercon, Emigs-

ville, PA). In total, six plots were set up for the experiment

(three for each pheromone dose). All traps were checked
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weekly for H. halys adults and nymphs, as well as native

stink bugs (adults and nymphs). After sampling, the loca-

tion of the trap tops containing 84 and 840 mg pheromone

dose was re-randomized to avoid biasing the data due to

landscape features. The aggregation pheromone lures,

MDT, and kill strips were changed at 3-, 4- and 2-weeks

intervals, respectively. Because this experiment ran for

6 weeks, a repeated measures ANOVA estimated using

restricted maximum likelihood (REML) was employed

using date as the repeated measure and employing a first-

order autoregressive correlation matrix between sampling

dates. Captures of H. halys adults, H. halys nymphs, and

native stink bugs were analyzed separately. The dose of

aggregation pheromone and distance from the baited trap

were used as the independent categorical variables. Loca-

tion of plots was used as a random blocking variable.

Because the residuals did not fulfill the assumptions of

normality, the data were log-transformed, after which

assumptions of normality were satisfied. Pairwise com-

parisons among distances and between doses were per-

formed with Tukey’s HSD.

Detection of Halyomorpha halys in apple trees

with harmonic radar

In order to evaluate the detectability of tagged H. halys

adults by harmonic radar for the retention capacity exper-

iment described below, we performed a preliminary assay

in apple orchards. Harmonic radar individually tracks

insects using a receiver that recaptures the echo of a

transmitted microwave signal from a tag with a rectifier

circuit affixed on the studied insect (Chapman et al. 2011).

Since the tags do not require batteries, the actual weight

carried by the insect is negligible, evidenced by the lack of

impairment in the mobility and behavior of H. halys adults

(Lee et al. 2013c) and other similarly sized insects (Boiteau

et al. 2010). To confirm that tagged H. halys, once released

into a mature apple tree could be found, one experimenter

was responsible for hiding dead, pinned H. halys tagged

with a wire loop containing a diode (details of tag speci-

fications and attachment in Lee et al. 2013c), while another

was responsible for operating the harmonic radar and

finding the tagged bug as quickly as possible. These roles

periodically switched through the course of the experiment.

Pinned insects were hidden at mid-canopy height (defined

as between 1.3–2.6 m) either in the interior or the exterior

canopy of an apple tree (canopy width: 4.66 m; tree height:

4.39 m). The starting position of the harmonic radar user

was standardized between each round of searching, and the

tagged bug could be in one of two trees during a given

round. The total time required to acquire a positive signal,

and visually spot H. halys was recorded. In total, 36 reps

were performed, 18 each for the interior and exterior

canopy. This experiment was performed as time allowed

between 19 Aug and 22 Sep 2014 at the Appalachian Fruit

Research Station, and the difference in the mean time to

finding the tagged H. halys was analyzed with a t test.

Retention capacity of apple trees

with and without pheromonal stimuli

In order to evaluate H. halys retention capacity on host or

non-host plants in orchards with or without pheromonal

stimuli, harmonic radar was used. Field-caught H. halys

adults were collected periodically (several times per week

from 15 May 2014 to 15 Sep 2014) in Jefferson Co., WV

and Washington Co., MD and held in screened field cages

(1.83 m3) with host plants (i.e., Ailanthus altissima Swin-

gle, Rubus idaeus L., Solanum lycopersicum L., and

Phaseolus vulgaris L.) for approximately one week. Adults

were brought into the lab and tagged with copper-coated

wires containing dipoles according to the procedures found

in Lee et al. (2013c) *18 h prior to initiation of experi-

ments. Previous research has demonstrated that harmonic

tags require a significant amount of force to be removed

and do not impair movement or survivorship of H. halys

(Lee et al. 2013c). Tagged adults were held in an envi-

ronmentally controlled room at 25 �C and 16:8 L:D cycle

with humidified air ([50 % RH) and provisioned with

water on cotton wicks individually in plastic containers

(5.7 cm 9 8.9 cm R 9 H). Food was withheld for the

same period to induce foraging behavior. The insects were

released during experiments on the following morning.

A total of 12 release plots were established, six in apple

orchards (Table 1), and six in mowed grass fields (as a non-

host control) at the Appalachian Fruit Research Station.

Individual, tagged H. halys adults were released on four

apple trees on the corner of each orchard block. During

sampling, if an adult could not be located with harmonic

radar on the release tree, the three closest neighboring trees

were searched as well. Previous research has shown that a

tagged individual can reliably be found in apple orchards

using harmonic radar if the operator uses the proper search

pattern (Boiteau et al. 2011). Mowed grass plots were 5 m2

and adults were released in the center of the plot. This size

plot was chosen to approximate the size of an apple tree

canopy. If adults could not be located in the mowed grass

plot, an additional 5 m swath was scanned with the har-

monic radar adjacent to each side of the release plot.

Half of the mowed grass and half of the apple release

plots were baited with impregnated rubber septa (1-F SS

1888 GRY, West Pharmaceutical Services, Lititz, PA)

containing 31 mg of H. halys aggregation pheromone

mixture (see above) that was equivalent to 10 mg of the

cis-(7R)-10,11-epoxy-1-bisabolen-3-ols (for more details

about formulation, see Weber et al. 2014a). At baited sites,
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10 septa (100 mg total) were deployed in combination with

66 mg of MDT, while the other half of the sites for each

plant species were unbaited as a negative control. Baited

and unbaited plots were paired with a minimum spacing of

60 m apart (mean ± SE: 79.0 ± 13.0).

Tagged adults were placed on ice in individual plastic

containers, stored in a cooler, and transported to the field

site. Before each release, each adult’s tag was checked with

the harmonic radar (specifications can be found in Boiteau

et al. 2011) to ensure there was a strong signal in the field.

Adults were released pre-dawn at the base of trees or in the

center of the mowed grass plots, and were allowed to walk

freely onto plant material. The order of release for the plots

was randomized among samples. After release, sampling

occurred at 1, 3, 6, and 24 h with the harmonic radar, and

the retention time on the host or non-host as well as dis-

tance moved from the release site was recorded. For indi-

viduals not found on the release tree in apple orchards or

the focal plots in the mowed grass, the neighboring trees or

additional 5 m plots were searched. If the individual was

still not located, the distance moved was assumed to be the

greatest maximum distance between the release point and

the edge of the farthest tree or plot.

To evaluate whether retention time or mean distance

moved from the release point by H. halys adults was

affected by host plant or the presence of a bait using har-

monic radar, an ANOVA was employed. Retention time

and distance moved were the continuous response vari-

ables, and were analyzed using plant species (mowed grass

or apple) and the presence of bait (baited or unbaited) as

categorical, independent variables. Residuals were

inspected, and the data were log-transformed, because they

did not conform to the assumptions of normality. Pairwise

comparisons were conducted using Tukey’s HSD.

Dose-dependent lethality at attract-and-kill trees

A proof-of-concept experiment was established in 2013 to

evaluate whether apple trees containing pheromonal stim-

uli could attract H. halys adults and nymphs in a dose-

dependent fashion and remove them from the population

when coupled with an insecticide treatment. Apple trees at

the Appalachian Fruit Research Station were baited with

either 10, 100 (10 lures, each 10 mg), or 1000 mg (100

lures, each 10 mg) of H. halys aggregation pheromone, in

combination with 66 mg of MDT. The control consisted of

unbaited apple trees. There were four trees in each treat-

ment, each acting as an independent replicate. After 48 h,

trees were sprayed with bifenthrin (e.g., Brigade WSB) at a

rate of 0.454 kg per 378.5 L of water by air blast sprayer

on both sides of the trees, and subsequently all H. halys

adults and nymphs recovered from tarpaulin (tarp) sheets

(3.5 m width 9 3.5 m length) covering the ground under

the tree canopy 6 h and 6 days later regardless of status

(alive, moribund, or dead) were placed in plastic bags,

brought back to the laboratory, and stored in a freezer until

they could be counted.

The data were analyzed separately for adults and

nymphs using ANOVAs. Both had the same model form,

namely with the responses (H. halys adults, H. halys

nymphs, and native stink bug [adults and nymphs]) being

explained by the dose of pheromone in the tree (unbaited,

Table 1 Horticultural information for all apple orchard blocks used in experiments during 2014 at the Appalachian Fruit Research Station

Spacing

Block Area (ha) Row (m) Tree (m) Age (y) Used in Cultivars

5 0.362 5.8 2.3 7–8 AK Hampshire TM Mac PPa, Autumn Rose Fujia, Sansab, Ultima Galab

6 0.786 5.5 1.8 19 AK Mixeda,c

27 0.095 5.5 1.8 8 AK Enterprisea, Goldrusha

34 1.15 7.0 5.5 16 AK, RS Crimson Galad, Sun Fujid

2B 0.104 4.9 3.7 7 RS Honeycrispb

43 0.195 5.2 1.5 *20 RS Enterprisee, Goldrushe

AK attract-and-kill experiment, RS retention survey experiment
a Grafted onto Bud 9
b Grafted onto EMLA 26
c Orchard contains approximately 200 cultivars, with the following cultivars used directly as focal or adjacent trees in attract-and-kill sites:

Topred Delicious, Priscilla, Redchief, Carousel, William’s Pride, Golden Delicious, Yataka, Curodel, Classic Red Delicious, Star Crimson Dixie

Red Delicious
d Grafted onto M9
e Grafted onto M26
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10, 100, or 1000 mg), the sampling date (6 h or 6 days

after), and the interaction between the two. The data were

not normally distributed after inspecting the residuals, so

the data were log-transformed.

Area of arrestment on orchard block borders

In order to quantify the arrestment area created by the

attract-and-kill sites in the border of orchard blocks, a

season-long experiment was implemented in research

orchards at the Appalachian Fruit Research Station in 2014

(Supp. Figure 1). In 4 apple orchard blocks (each block

acting as a replicate), 2 or 3 attract-and-kill sites were

established in the border row. At a given attract-and-kill

site, there was the treatment focal tree and 3–5 unbaited

neighboring trees (distance range of neighboring trees to

focal tree: 1.95–10.73 m). The focal tree contained either

no pheromonal stimuli (control), 84 mg of the aggregation

pheromone lures (details about release rates can be found

above in first section) ?66 mg of MDT, or 840 mg of the

aggregation pheromone ?66 mg of MDT. In each orchard

block, an unbaited control tree was present, along with one

or two of the other pheromone treatments. Blue tarps

(2.44 m W 9 3.04 m L) were affixed at the base of both

the focal and unbaited adjacent trees with eight metal

gardener’s stakes. These sites were treated with insecticide

every 7 days from 21 Jun 2014 to 9 Oct 2014, and the

numbers of H. halys adults and nymphs, as well as native

stink bugs were counted 1 and 6 days post-insecticide

application on both the focal and unbaited adjacent trees.

After sampling, the tarps were cleared of stink bugs and

other debris by push brooms or leaf blowers to maintain

sanitation around the site and prevent counting individuals

more than once on subsequent samplings. The insecticide

program used was designed for a mid-September harvested

cultivar, but because some of the varieties in our study did

not ripen until later, additional bifenthrin sprays were

added as it is an efficacious material against H. halys (Lee

et al. 2013a, d; Leskey et al. 2012b; Leskey et al. 2014);

Table 2, Supplemental Table 1).

At harvest, 50 apples were collected from each attract-

and-kill site to evaluate the effect of the treatments on

damage. The number of external and internal injury sites

was recorded on each fruit. Internal damage was confirmed

by carefully sectioning and slicing through the fruit to

locate H. halys feeding tubes and corking in the flesh (as in

Leskey et al. 2012c). In addition, the overall number of

damaged fruit per tree was recorded. Overall, 200–300 fruit

were collected from each attract-and-kill site. Dates of

harvest (Supplemental Table 1) were based on the typical

date of harvest for the cultivar of the focal tree.

A linear mixed model estimated by REML was used to

analyze the effect of various factors on the number of stink

bugs killed in the attract-and-kill experiment. REML was

used because it can accommodate datasets that are unbal-

anced and have random effects (O’Neill 2010, Bolker et al.

2008). Three linear mixed models, all with the following

setup, were used to analyze the numbers of H. halys adults,

H. halys nymphs, and native stink bugs recovered from

attract-and-kill sites. Each model included the sampling

interval (1 or 6 days post-insecticide application), pher-

omone dose (0, 100, 1000 mg), and tree location (focal or

unbaited adjacent), as well as the interaction between the

latter two. Orchard block was used as a random blocking

variable, while the sampling date was used as a repeated

measure. The residuals were inspected from each model,

and none conformed to the assumptions of normality, so

each response variable was log-transformed. Log-trans-

formed variables fulfilled the assumptions of normality.

Pairwise comparisons were carried out with Tukey’s HSD

after a significant result from the repeated measures

analysis.

To quantify the arrestment area within the context of

host plants in an orchard block, three non-parametric

Spearman Rank Correlations were performed between the

mean number of H. halys adults killed per baited focal tree

and the distance of the adjacent unbaited tree from the lure

source in the attract-and-kill site. Correlations were per-

formed for the control, low-, and high-dose attract-and-kill

sites.

The impact of pheromone dose and tree location on

external and internal injury per fruit as well as incidence of

fruit damage per tree was evaluated with two-way ANO-

VAs. For each ANOVA, the damage measure (external

feeding injury per fruit, internal feeding injury per fruit, or

overall injury incidence per tree) was used as the response

variable, while the dose of pheromone (control, low, or

high) and the location of tree (focal or unbaited adjacent)

were used as the explanatory variables. Because the

residuals did not conform to the assumptions of normality,

the data were log-transformed. Pairwise comparisons were

carried out with Tukey’s HSD.

Results

Arrestment area on non-host structures

2013 Study Across doses and sampling intervals, there was

a significant effect of distance from the centrally baited

trap base on the number of observed H. halys adults

(F4,442 = 37.4, P\ 0.0001). Significantly more adults

were observed on the centrally baited base and those 1 m

away compared with all other distances. Traps located 5,

10, and 20 m away had a decrease of 91, 97, and 99.3 % in

the abundance of adults relative to the centrally baited
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base, respectively (Fig. 1). Even at 1 m, adult presence on

unbaited trap bases dropped to 40 % of that on the centrally

baited base. The lure treatment associated with the

centrally located base also affected H. halys presence on

pyramid bases across distances and sampling intervals.

Plots baited with 10 mg and 100 mg ? synergist attracted

about 260 times and 310 times more adults than those traps

in the unbaited control (F2,442 = 48.1, P\ 0.0001),

respectively. This trend held at 1, 5, and 10 m as well,

though there were no significant differences among treat-

ments at 20 m. Importantly, there were no significant dif-

ferences in the arrestment area of adults between central

bases containing 10 and 100 mg of pheromone ? synergist

at any of the distances (Fig. 1, Tukey’s HSD). Sampling

interval also had a significant effect on the total abundance

of H. halys adults observed across distances and doses

(F2,442 = 14.7, P\ 0.0001). Significantly, fewer H. halys

were recorded at the 4-h sampling interval across all dis-

tances compared with the 8- and 24-h intervals, which had

3.1 and 2.3 times greater abundance of adults, respectively.

It is possible that more adults accumulated in response to

the longer period of deployment of the pheromones at the

later sampling intervals.

2014 Study Across doses, distance from the baited

central trap also had a significant effect on the abundance

of adult H. halys captured in unbaited traps (F3,426 = 20.8,

P\ 0.0001; Fig. 2, top panel), with about 1/9th, 1/29th,

and 1/162nd fewer adults captured in traps at 2.5, 5, and

Table 2 Insecticide spray schedule for attract-and-kill sites in apple orchard blocks 2014 at the Appalachian Fruit Research Station

Date Trade name A.I.a Rec’d Rate

(L or kg/ha)

Liter (ha

restrictions)

Season max

(kg/ha)

Max

applications

Min spray

interval (day)

PHI

(days)

6/26 Lannate SP Methomyl 0.18 77 0.92 5 7 14

7/03 Endigo ZC Thiamethoxam ? lambda-

cyhalothrin

0.07 31 0.32 None 10 35

7/10 Danitol Fenpropathrin 0.24 None 0.49 None 10 14

7/17 Endigo ZC Thiamethoxam ? lambda-

cyhalothrin

0.07 31 0.32 None 10 35

7/24 Brigade WSB Bifenthrin 0.07 77 0.37 None 30 14

7/31 Endigo ZC Thiamethoxam ? lambda-

cyhalothrin

0.07 31 0.32 None 10 35

8/7 Danitol Fenpropathrin 0.24 None 0.49 None 10 14

8/14 Belay Clothianidin 0.07 153 0.14 None 10 7

8/21 Endigo ZC Thiamethoxam ? lambda-

cyhalothrin

0.07 31 0.32 None 10 35

8/28 Belay Clothianidin 0.07 153 0.14 None 10 7

9/4 Brigade WSB Bifenthrin 0.07 77 0.37 None 30 14

9/11 Venom Dinotefuran 0.08 77 0.15 2 7 3

9/18 Leverage 360 Imidacloprid ? cyfluthrin 0.06 153 0.06 None 14 7

9/25 Venom Dinotefuran 0.08 77 0.15 2 7 3

10/2 Brigade WSB Bifenthrin 0.07 77 0.37 None 30 14

10/9 Brigade WSB Bifenthrin 0.07 77 0.37 None 30 14

a Date that sprays were applied using recommended rate and timing

A.I active ingredient, PHI pre-harvest interval

Fig. 1 Number (across sampling intervals) ± SE of adult H. halys

visually observed on black pyramid traps at various distances from a

pheromone source in 2013 in mowed grass plots. White, gray, and

black bars represent 0, 10, and 100 mg of lure #10 ? 66 mg of MDT,

respectively. Lower case letters represent comparisons within a

distance among the different doses of pheromone, while capitalized

letters are comparisons among distances across treatments. Columns

with shared letters are not statistically different from one another

(Tukey’s HSD, a = 0.05)
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10 m relative to the central baited trap, respectively. This

same pattern was true of H. halys nymphs (F3,426 = 55.9,

P\ 0.0001; Fig. 2, middle panel) and native stink bugs

(F3,426 = 9.85, P\ 0.0001; Fig. 2, bottom panel) across

doses. Unbaited traps at 2.5, 5, and 10 m captured 92, 96,

and 99 % fewer H. halys nymphs. and 92, 94, and 99 %

fewer native stink bugs compared to the central baited trap.

However, across distances, pheromone dose did not

result in differences in numbers of H. halys adults

(F1,434.9 = 2.30, P = 0.13; Fig. 2, top panel), nymphs

(F1,434.9 = 1.12, P = 0.30; Fig. 2, middle panel), or native

stink bug nymphs and adults (F1,434.9 = 0.236, P = 0.63;

Fig. 2, bottom panel) present on unbaited traps encircling

the baited central trap. In other words, the area of arrest-

ment of adults, nymphs, and native stink bugs was not

statistically different for the low (84 mg) and high

(840 mg) doses of aggregation pheromone in combination

with the synergist.

Detection of Halyomorpha halys in apple trees

This experiment was for proof-of-concept to show that in

our apple orchard settings, H. halys could be reliably

tracked using harmonic radar. All but one hidden, tagged

H. halys adults were found in apple trees, taking an average

time of 122.0 ± 16.0 s to locate each specimen. This

represented a recovery rate of 97.2 %. The tag on the single

undiscovered specimen was mechanically damaged during

placement in the tree and therefore could not be detected

by the radar unit. The placement of tags in either the

interior or exterior of the canopy did not significantly affect

the time to locate the specimen (t2 = 1.59, P = 0.212).

The mean time required to locate the specimens in the

interior and exterior of the apple canopy was

136.2 ± 44.0 s and 163.9 ± 42.0 s, respectively.

Retention capacity of apple trees

with and without pheromonal stimuli

Retention time of adultH. halyswas significantly affected by

plant species in the field (F1,70 = 9.76, P\ 0.0002; Fig. 3a)

regardless of the presence of a bait. In particular, the average

retention time on apple, a host plant, was over 6 times greater

comparedwith a non-host plant, mowed grass, with themean

retention time increasing from 1.9 to 12.3 h between the two

plant species. Additionally, across species, the effect of

adding the H. halys aggregation pheromone and synergist

significantly affected the retention time of adults

(F1,70 = 6.22, P\ 0.02; Fig. 3a), increasing the retention

time of baited apple sixfold compared with the unbaited

apple tree (from 3.4 to 21.7 h). However, adding these same

olfactory stimuli did not significantly affect the retention

time ofH. halys adults on the mowed grass control (Fig. 3a).

Across all baited and unbaited plants, the mean distance

that H. halys adults moved from the release point was sig-

nificantly greater in mowed grass than in apple

(F1,236 = 147.7, P\ 0.0001; Fig. 3b) (Grass: 5.9 ± 0.4 m;

Apple: 2.8 m ± 0.34). Likewise, across plant species, the

presence of bait significantly affected distance moved

(F1,236 = 135.7, P\ 0.0001; Fig. 3b), with those in baited

apple trees moving significantly shorter distances than in

unbaited apple trees, though the same was not true of baiting

mowed grass. In particular, the mean distance moved sig-

nificantly decreased by 80.1 % in baited apple trees com-

pared with unbaited apple.

Dose-dependent lethality at attract-and-kill sites

The dose of pheromone deployed in combinationwith a fixed

dose of the synergist significantly affected the number of H.

halys adults (F3,28 = 5.51; P\ 0.005; Fig. 4a) and nymphs

(F3,28 = 10.6, P\ 0.0001; Fig. 4b) killed at attract-and-kill

Fig. 2 Mean weekly capture ± SE of stink bugs per black pyramid

trap surrounding a 100 mg (gray bars) or 1000 mg (black bars)

pheromone source at various distances in mowed grass fields in 2014

for H. halys nymphs, adults, and all other native stink bug species

(adults and nymphs). Lower case letters represent pairwise compar-

isons between pheromone doses within a distance, while upper case

letters represent comparisons among different distances across

pheromone doses. Columns that share the same letter are not

significantly different from one another (Tukey’s HSD, a = 0.05)
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trees in 2013. In total, almost 49,000 adults were killed at

baited trees, as well as over 6600 nymphs. There was over a

threefold increase in the number of adults killed in the

1000 mg treatment compared with the 10 mg treatment, and

over 5 9 the number of nymphs killed. Significantly, more

adults (F1,28 = 8.58, P\ 0.007) and nymphs (F1,28 = 6.35,

P\ 0.018) were caught on day 6 compared with 6 h post-

insecticide application. In particular, there were about 6 and

3 timesmore adults and nymphs killed, respectively, on day 6

compared with 6 h post-application. There were also no

interactions between sampling date and pheromone dose for

adults (F3,28 = 1.37, P\ 0.28) and nymphs (F3,28 = 1.21,

P\ 0.35).

Area of arrestment on orchard borders

In four orchard plots with seven baited attract-and-kill

sites, a total of 10,607 H. halys adults, 467 nymphs, and

800 native stink bugs were killed over the 16 weeks of the

study, compared with the 59 adults, 2 nymphs, and 46

native stink bugs at three control sites. This represents an

increase in annihilation for adults, nymphs, and native stink

bugs of 180-, 234-, and 17-fold compared with the control.

Adults and nymphs were killed season-long (Fig. 5), with

greatest numbers killed in the late-season. The peak

abundance of both H. halys adults and nymphs in 2014 was

5 Sep, while the peak abundance for the native stink bugs

was 3 Oct.

The dose of pheromone ? synergist deployed in both

insecticide-treated baited and unbaited trees significantly

affected the abundance of H. halys adults

(F2,816.7 = 1091.0, P\ 0.0001), H. halys nymphs

(F2,816.3 = 31.4, P\ 0.0001), and native stink bugs

(F2,816.3 = 35.1, P\ 0.0001) annihilated at attract-and-kill

sites (Fig. 6). In insecticide-treated trees baited with a high

dose of aggregation pheromone (840 mg ? 66 mg MDT),

63 times more H. halys adults were killed than the control,

and twice as many as the low dose of aggregation pher-

omone (84 ? 66 mg MDT). Similarly, 150 times more

nymphs were killed on high-dose pheromone trees than the

unbaited control, whereas the insecticides killed almost

twice as many nymphs when paired with the low dose of

pheromone. Significantly, more native stink bugs were

killed in trees baited with the high and low dose of the H.

halys pheromone than in control trees (by 5 and 8 times,

Fig. 3 Retention capacity of H. halys on either mowed grass or apple

in the field that was baited (black bars) or unbaited (gray bars) and

evaluated by a retention time ± SE on the plant, and b distance

moved from the release point. Lower case letters represent compar-

isons within host plant between the presence of baits, while upper

case letters represent comparisons between host plants across the

presence of baits. Columns with shared letters are not significantly

different from each other (LSD t-test, a = 0.05)

Fig. 4 Mean (± SE; black bars, left axis) and total (gray bars, right

axis) H. halys adults (top panel) or nymphs (bottom panel) killed over

the course of 6 days at 4 attract-and-kill trees (per treatment) with

varying amounts of H. halys aggregation pheromone ? MDT

deployed during the late season in 2013 at the Appalachian Fruit

Research Station (Jefferson Co., WV)
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respectively), however, there was no difference in mortal-

ity between baited trees.

Across pheromone doses, tree location significantly

influenced the abundance of H. halys adults

(F1,816.5 = 401.8, P\ 0.0001), H. halys nymphs

(F1,816.9 = 77.2, P\ 0.0001), and native stink bugs

(F1,819 = 79.2, P\ 0.0001) with significantly lower

numbers on neighboring unbaited trees compared with the

focal tree (Fig. 6). In particular, unbaited adjacent trees

yielded only 10 % of the total H. halys adults and nymphs

annihilated in attract-and-kill plots containing the high

dose pheromone. The number of adult H. halys killed on

unbaited adjacent trees in high-dosed attract-and-kill plots

ranged between 2.9 and 16.2 % of those killed on the focal

baited tree. The number of stink bugs killed at the focal

control (unbaited) trees and adjacent (unbaited) trees bor-

dering with a low or high dose of pheromone ? synergist

were not significantly different from one another for H.

halys adults, nymphs, or native stink bugs.

There was no significant difference in the number of H.

halys adults killed at 1 d compared with the 6 days post-

insecticide application (F1,94.7 = 2.01, P = 0.1564) across

pheromone doses and tree location (Fig. 7). However, there

was a significant effect of sampling interval on the number

of H. halys nymphs (F1,126 = 43.7, P\ 0.0001) and native

stink bugs killed (F1,120.4 = 49.2, P\ 0.0001; Fig. 7). In

the high-dose attract-and-kill plots, approximately twice as

many H. halys nymphs were killed on day 1 compared with

day 6, although there was no significant difference in the

low-dose and control plots. The number of native stink

bugs killed in the control and high-dose attract-and-kill

sites remained constant over the 6 days period, but 34 %

more individuals were killed at day 6 compared with day 1

in the low-dose plots (Fig. 7).

Adult H. halys abundance dramatically dropped off as

distance increased from the baited focal trees for the low

(Spearman correlation: q = -0.88, P\ 0.0002; Fig. 8,

middle panel) and high (Spearman correlation: q = -0.85,

P\ 0.0004; Fig. 8, bottom panel) dose pheromone treat-

ments, but not for the unbaited control plots (unbaited site

Spearman correlation: q = -0.44, P = 0.16; Fig. 8, top

panel).

Overall, significantly more external feeding sites per

fruit were recorded at harvest from baited compared with

unbaited trees (F2,67.89 = 281.8, P\ 0.0001; Fig. 9). The

high-dose treatment focal trees had fruit with 2.6 times

more external feeding sites than the low-dose pheromone

treatment, and 11.1 times more than the control. Tree

location had a significant effect on injury as adjacent (un-

baited) trees in the low- and high-dose treatment attract-

and-kill sites had significantly less external feeding damage

per fruit than the focal (baited) trees (F1,1255 = 17.3,

P\ 0.0001; Fig. 9). Importantly, the number of external

feeding sites per fruit on unbaited adjacent trees in the high

and low treatment was not significantly different compared

with the unbaited focal trees.

There was a significant effect of the presence of the

aggregation pheromone in combinationwith the synergist on

the number of internal corking sites per fruit in apple

(F1,1255 = 226.2, P\ 0.0001; Fig. 9), though not in a clear

dose-dependent manner. There were similar amounts of

internal injury between the high and low treatments, but both

of these were significantly greater than the control, with

overall rates 2.0 and 2.2 times greater than the amount of

internal corking in control, respectively (Fig. 9, bottom

panel). Again, tree location was important as adjacent

unbaited trees had significantly fewer internal injury sites per

fruit than the baited focal tree in attract-and-kill sites

(F1,1255 = 4580,P\ 0.0001; Fig. 9, top panel). Overall, the

unbaited adjacent trees had statistically identical amounts of

internal and external injury per fruit compared with the

unbaited focal and adjacent trees in the control plots.

The overall (both internal and external injury) average

fruit damage incidence per tree was significantly impacted

Fig. 5 Season-long weekly

mean captures per tree in 2014

for adult H. halys (solid black

line, primary axis), nymphal H.

halys (solid gray line, secondary

axis), and native stink bugs

(dashed gray line, secondary

axis) for the in situ (orchard)

attract-and-kill experiment
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by feeding from adults at trees with different pheromone

doses (F2,48 = 18.0, P\ 0.0001) and at trees in different

locations (F2,48 = 34.5, P\ 0.0001; Fig. 10). However,

only the focal tree with a high pheromone dose had ele-

vated incidence of fruit damage per tree compared with the

control trees (interaction: F2,48 = 11.4; P\ 0.0001;

Tukey’s HSD; Fig. 10). In this case, the incidence of

damage was 4.6 times greater than that found on the con-

trol trees. Nevertheless, across pheromone doses, the

incidence of damage on adjacent trees was not significantly

different from the control trees.

Discussion

This is the first study to investigate the behavioral basis for

an attract-and-kill strategy for management of H. halys in

any cropping system. The success of attract-and-kill for

pest management depends on insects being attracted to an

Fig. 6 Mean weekly capture (±SE) per baited (black bars) or

adjacent (gray bars) tree over the season for various doses of

aggregation pheromone in 2014 for H. halys adults, H. halys nymphs,

and native stink bugs. Upper case letters represent pairwise compar-

isons among treatment doses of aggregation pheromone across tree

type (Tukey’s HSD), while lower case letters represent comparisons

between focal or neighboring trees within a treatment (Tukey’s HSD).

Bars with shared letters are not significantly different from each other

(a = 0.05)

Fig. 7 Mean capture (±SE) at 1 d post-insecticide application (black

bars) and 6 days post-insecticide application (gray bars) per tree over

the season for various doses of aggregation pheromone in 2014 for H.

halys adults, H. halys nymphs, and native stink bugs. Upper case

letters represent pairwise comparisons among treatment doses of

aggregation pheromone across sampling interval (Tukey’s HSD),

while lower case letters represent comparisons between sampling

intervals within the pheromone treatment (Tukey’s HSD). Bars with

shared letters are not significantly different from each other

(a = 0.05)
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area containing insecticide, taking up a sufficient dose of

insecticide to kill the individual, and inflicting sufficient

mortality on the population to elicit control (El-Sayed et al.

2009). In addition, it is critical to arrest the pest populations

at specifically designated locations thereby minimizing any

spillover crop damage around the attract-and-kill locations.

We have shown that we can remove large quantities of

individuals from the stink bug population in apple orchards

throughout the season, especially during the late season

when H. halys pressure is greatest (Nielsen and Hamilton

2009b; Nielsen et al. 2011). In addition, attract-and-kill is

most likely to succeed when both males and females are

attracted by the pheromone source, which is the case for H.

halys (Khrimian et al. 2014).

The results of our studies have demonstrated that most

H. halys adults and nymphs as well as other native stink

bugs (e.g., M. histrionica, Euschistus spp., Chinavia hilaris

Say, and Nezara viridula L.), are attracted by the aggre-

gation pheromone and/or synergist and arrested within a

2.5-m radius of the stimulus source. Importantly, this area

of arrestment did not increase with higher doses of pher-

omone. This spacing roughly corresponds to that of a

simple tree canopy and falls within the typical tree spacing

range in various orchard production systems (Robinson

et al. 1991). This indicates that the abundance of stink bugs

may be greatest in the canopy of a baited apple tree, but

minimal in neighboring hosts. Chemotaxis by other taxa,

particularly Lepidoptera to sex pheromones, involves

directly contacting the emitting point source of pheromone

(Roelofs and Cardé 1977). However, H. halys approach a

pheromone source and as the concentration of the pher-

omone increases, orthokinesis becomes inversely

Fig. 8 Mean number of adult H. halys killed over the course of

16 weeks in 2014 for adjacent trees located at various distances from

a pheromone source at four control (unbaited; top panel), four low

(middle panel), and three high-dose (bottom panel) attract-and-kill

sites at the Appalachian Fruit Research Station in Jefferson Co., WV.

SE bars were omitted for the sake of clarity in presentation

Fig. 9 Mean (±SE) stink bug fruit injury at the end of the attract-

and-kill experiment study based on a external injury, and b internal

corking incidence for adjacent (gray bars) and baited trees (black

bars) at various doses of the H. halys aggregation pheromone. Upper

case letters represent pairwise comparisons among pheromone doses

(Tukey’s HSD), while lower case letters represent comparisons

between the focal and neighboring trees (Tukey’s HSD). Bars with

shared letters are not significantly different from one another

(a = 0.05)
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proportional. This is a phenomenon that has been described

for other insect groups as well (Shorey 1976). As a result,

the area of arrestment is larger for H. halys responding to

the aggregation pheromone than for many moth pests

responding to sex pheromones. This type of response may

be broadly expressed in stink bugs, as other studies have

documented a similar behavior of congregating around an

aggregation pheromone on a host plant but not contacting

the point source, for example in the case of Euschistus

conspersus Uhler with methyl decadienoate-baited tubes on

Verbascum thapsus L. (Krupke et al. 2001). We have cir-

cumvented the dilemma of having H. halys contact a small

point source of insecticide within a tree canopy by spraying

the entire tree with the killing agent. In absolute terms,

however, this area of arrestment is still quite small, likely

less than 2.5 m in radius around a pheromone source.

In our attract-and-kill sites in orchard blocks, we had

very small levels of arrestment for adults and nymphs on

unbaited adjacent trees. Lower levels of damage were

observed on adjacent trees which was not significantly

different from the unbaited control focal trees at the time of

harvest. Our findings showed that H. halys can be aggre-

gated to spatially precise locations in an orchard and suc-

cessfully removed from the population through regular

insecticide applications. These results are encouraging as

other studies showed that damage increased in the vicinity

of MDT-baited traps for H. halys in tomato compared with

unbaited plots (Sargent et al. 2014). The risk of widespread

damage from adults in these attract-and-kill trees in grower

orchards is potentially minimal, at least with the important

caveat that growers need to treat the directly adjacent trees

with efficacious materials to suppress any potential damage

that may arise around the baited attract-and-kill tree.

We have shown that we can reliably use harmonic radar

to track tagged H. halys adults in architecturally complex

orchard systems, specifically in the exterior and interior of

apple tree canopies such as those used in the present study.

Prior studies have also found that tagged insects can be

reliably tracked in potato fields, apple trees, and corn fields

using similar methods (Boiteau et al. 2011). The harmonic

radar tags have been shown to be durable, requiring great

force to be removed, and importantly do not alter the

behavior or mobility of a variety of tagged insects,

including H. halys (Boiteau et al. 2009, Lee et al. 2013c).

The use of tagged insects coupled with the harmonic radar

seems to be an ideal system for analyzing questions of host

plant retention, and questions involving arrestment on

various substrates in natural settings.

Additionally, we demonstrated with the harmonic radar

that H. halys uses cues other than the aggregation pher-

omone in deciding whether to stay at an attract-and-kill

tree, evidenced by the much shorter retention periods of

tagged adults on baited mowed grass compared with baited

apple. Indeed, plants with fruit, even on less than optimal

hosts such as apple (Funayama 2004; A. Acebes and JC

Bergh, unpublished data), were more arresting to H. halys

than plants without fruit. This implicates natural synergistic

cues present in a fruiting host plant, such as constitutive

plant volatiles from the leaves or fruit (Piñero and Prokopy

2003) or visual cues. Other stink bugs, for example M.

histrionica, use natural cues (semiochemicals) emitted by

their host plants (e.g., collards in this case), as traps baited

with the species’ aggregation pheromone are much more

attractive when coupled with the host plant (Weber et al.

2014b). In Rhyzopertha dominica (F.) (Coleoptera:

Bostrichidae), the presence of maize host odors enhances

the response of conspecifics to male-produced aggregation

pheromone (Bashir et al. 2001). Previous studies show that

the release of an aggregation pheromone by certain species

is treated as a clear indicator by conspecifics that there is

something favorable about the specific location, whether

that is mating opportunities, food, defense, overwintering

site, or something else (Wertheim et al. 2005). Thus, when

the aggregation pheromone is paired with a plant that lacks

fruit or the associated plant volatiles that indicate its

presence, as in the case of the mowed grass in the current

study, H. halys quickly disperses away from the site.

Overall, this suggests that certain fruiting host plant vola-

tiles have an additive or synergistic effect with the aggre-

gation pheromone of H. halys in retaining the pest. As a

consequence, future work should screen host plant volatiles

for biological activity on the part of H. halys. Such vola-

tiles could subsequently be employed in augmenting

attract-and-kill trees or otherwise used in management of

this pest.

Fig. 10 Mean overall percent fruit injury incidence per focal (black)

or adjacent (gray) apple tree at various doses of H. halys aggregation

pheromone and MDT synergist. Bars with shared upper case letters

are not significantly different from one another (Tukey’s HSD,

a = 0.05)
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Indeed, other research has illustrated that pairing the

pheromones for an insect pest with plant volatiles can be

advantageous. For example, attract-and-kill for plum cur-

culio, C. nenuphar, has used baited trees in apple with

great success in the Northeastern United States (Leskey

et al. 2008). In this case, the trees were baited with a

mixture of the male-produced aggregation pheromone and

a synthetic host plant-derived volatile, benzaldehyde. The

attract-and-kill program resulted in a dramatic 93 %

reduction in insecticide usage compared with standard full

block sprays, while maintaining injury below economic

damage levels. There are numerous examples of synergistic

effects that plant host volatiles have when paired with a

trap or conspecific pheromones in situ, for example in

attract-and-kill systems for apple maggot (Rhagoletis

pomonella (Walsh); Diptera: Tephritidae) (Bostanian and

Racette 2001) in eastern North America and the cotton boll

weevil (Anthonomus grandis Boheman; Coleoptera: Cur-

culionidae) (Villavaso et al. 1998) in the southern United

States.

Previous research on H. halys suggests that the main

challenge with our strategy is the low residual efficacy of

the most effective insecticides (Lee et al. 2013a; Leskey

et al. 2012b; Leskey et al. 2013; Nielsen et al. 2008). All

insecticides chosen for the spray program were based on

the previously published literature above that showed at

least moderate residual killing power in the lab, and

impaired mobility of individuals. We have demonstrated

that the insecticides used were effective at maintaining

some level of residual lethality between sampling on day 1

and day 6 (see Fig. 7). However, the amount of adult and

nymph lethality on day 6 was not proportionally larger

compared to the greater amount of time elapsed relative to

day 1. This indicates that effectiveness may be decreased

over the 6 day period. In addition, this pattern suggests that

residual efficacy may be an issue for growers using attract-

and-kill. Nonetheless, the population dynamics of H. halys

during the year may ameliorate a portion of this problem,

since it is likely that fewer insecticide applications would

need to be made during those parts of the season with lower

H. halys population pressure by spraying on a threshold

(TC Leskey and BD Short, unpublished data) based on a

grower-friendly trap (Morrison et al. 2015). It may be

beneficial for future research to evaluate whether a

threshold could be employed to trigger a spray for the

attract-and-kill system to prevent unneeded spraying dur-

ing the nadir in H. halys population pressure.

Current management strategies focus on using broad

spectrum, conventional insecticides to adequately control

H. halys populations, but this is not a permanent or sus-

tainable solution for the long-term management of the

problem. Attract-and-kill provides an opportunity to restore

IPM programs, take advantage of precision agriculture by

localizing management to specific sites, and help in pre-

serving natural enemies that provide important biological

control services. Our study provides an excellent demon-

stration of an attract-and-kill strategy in apple, and will be

used as a foundation for further work to increase the sus-

tainability of apple production in areas severely affected by

the invasive H. halys. Future directions for this study

include implementing attract-and-kill strategy in commer-

cial orchards, evaluating the total level of control in

orchards, and establishing the economic feasibility of the

strategy.
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