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Abstract Halyomorpha halys (Stål), brown marmorated stink bug, is an invasive
insect native to Asia that was accidently introduced into the United States. The species
is a polyphagous pest that has caused serious economic injury to specialty and row
crops in the mid-Atlantic region. Growers have targeted H. halys with broad-spectrum
materials by increasing the number of and decreasing the interval between insecticide
applications. While it is known that adults reliably respond to semiochemical cues,
much less is known about the response of H. halys to visual stimuli. Field observations
suggest that H. halys adults respond to light-based stimuli, with large aggregations of
adults documented at outdoor light sources and captured in commercial blacklight
traps. Therefore, we conducted a series of studies aimed at identifying optimal wave-
lengths and intensities of light attractive to H. halys adults. We found that intensity and
wavelength of light affected H. halys response in the laboratory and field. In the
laboratory, H. halys demonstrated positive phototactic responses to full-spectrum and
wavelength-restricted stimuli at a range of intensities, though the levels of stimulus
acceptance and attraction, respectively, changed according to intensity. The species is
most attracted to white, blue and black (ultraviolet) wavelength-restricted stimuli in the
laboratory and field. In the field, traps baited with blue light sources were less attractive
to non-target insect species, but white light sources were more attractive to H. halys
indicating that these two light sources may be good candidates for inclusion in light-
based monitoring traps.
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Introduction

Halyomorpha halys (Stål), brown marmorated stink bug, is an invasive insect native to
China, Taiwan, Korea, and Japan that was accidently introduced into the United States
sometime in the mid- to late 1990s (Hoebeke and Carter 2003). Currently, H. halys is
well established throughout the mid-Atlantic region (Leskey et al. 2012a) and has been
officially detected in 43 states and the District of Columbia as of June 2015 (www.
stopbmsb.org). The species is considered a polyphagous pest of many specialty crops in
Asia (Panizzi et al. 2000; Lee et al. 2013) including tree fruit, vegetables, shade trees
and leguminous crops with specific mention of apple, cherry, peach, and pear (Panizzi
et al. 2000; Hoebeke and Carter 2003). Surveys conducted in the United States
identified a number of tree fruit hosts for H. halys including apple, plum, peach, pear,
and cherry (Bernon 2004; Nielsen and Hamilton 2009a, b). In 2010, H. halys popula-
tions increased dramatically and attacked many crops in the mid-Atlantic region.
Damage in commercial orchard crops reached critical levels with some growers
experiencing serious losses in stone and pome fruit (Leskey et al. 2012b). In apple
alone, H. halys is estimated to have caused $37 million US dollars in damage in the
mid-Atlantic region (American/Western Fruit Grower 2011).

Monitoring tools are used to assess the presence, abundance and seasonal activity of
pests to determine the need for and timing of insecticide applications. Stink bug species
have been typically monitored in cropping systems using sweep nets, beating samples,
pheromone-baited traps and/or blacklight traps. Among native stink bugs in tree fruit,
baited yellow pyramid traps (Leskey and Hogmire 2005; Hogmire and Leskey 2006)
and baited mullein plants (Krupke et al. 2001) were effective at monitoring native
Euschistus spp. while Chinavia (=Acrosternum) hilare was monitored in vegetable and
row crops using blacklight traps (Kamminga et al. 2009).

Recently, there have been marked advances in development of reliable pheromone-
based monitoring tools for H. halys. The two-component male-produced aggregation
pheromone, a 3.5:1 mixture of (3S,6S,7R,10S)-10,11-epoxy-1-bisabolen-3-ol and
(3R,6S,7R,10S)-10,11-epoxy-1-bisabolen-3-ol s was identified and found to be attrac-
tive to males, females and nymphs based on captures in baited traps (Khrimian et al.
2014). In addition, racemic mixtures of the parent compound, 10,11-epoxy-1-
bisabolen-3-ol, were not inhibitory and in some cases mildly attractive to H. halys
(Leskey et al. 2015a), making synthesis more cost-effective. The response to the
aggregation pheromone is further synergized by the addition of methyl (2E,4E,6Z)-
decatrienoate (Weber et al. 2014), the aggregation pheromone of Plautia stali. Traps
baited with the aggregation pheromone and MDT attracted all life stages of H. halys
season-long throughout the United States (Leskey et al. 2015b). Recently, different trap
types and deployment strategies have been evaluated to identify the most effective
trapping strategy for providing biologically meaningful information to growers to
enable informed pest management decisions (Morrison et al. 2015a). Finally, there
has been great promise shown by the use of attract-and-kill technology using the
identified pheromones to confine H. halys management to select border trees in apple
orchards (Morrison et al. 2015b).

J Insect Behav

http://www.stopbmsb.org
http://www.stopbmsb.org


However, up to this point, the behavioral response of H. halys to light stimuli has
been understudied by comparison. It is well known that H. halys respond to light-based
stimuli as large aggregations have been documented at outdoor light sources through
the growing season (Leskey and Hamilton 2010). Furthermore, blacklight traps, which
rely on output in the ultraviolet range, have proven an effective means to detect and
monitor overall H. halys population trends at a landscape-level (Moriya et al. 1987;
Nielsen and Hamilton 2009a, b; Nielsen et al. 2013). A study has also found that the
most effective trap in capturing active H. halys inside homes consists of an illuminated
desk lamp suspended above an aluminum pan filled with soapy water (Aigner and
Kuhar 2014). Frequent observations of H. halys at various light sources on building
exteriors indicate that they also likely respond to wavelengths outside the ultraviolet
range. Therefore, we conducted a series of laboratory bioassays and field studies aimed
at identifying optimal wavelengths and intensities of light attractive to H. halys.

Materials and Methods

Laboratory Studies

H. halys Test Subjects For all bioassays, wild H. halys adults were collected from
known human-made overwintering sites (e.g., storage, sheds, and houses) in Jefferson
and Berkeley Counties, WV and immediately brought back to the laboratory. Adults
were then placed in screen cages (30 × 30 × 30 cm) with food sources including potted
soybean plants, peanuts, carrots and sunflower seeds, and water for a minimum of
2 weeks at 16:8 (L:D), 25 ± 1 °C, and 70 ± 10 % RH to break diapause and return
adults to an actively foraging stage. Only those adults that began to actively forage and
feed after the 2–3 weeks period were used as test subjects in subsequent laboratory
bioassays. Individual adults were not reused in any bioassay.

Light Intensity No-choice bioassays were conducted to assess adult responses to
specific light intensities projected into a dark experimental arena. This experiment
was conducted in a custom-made black opaque circular arena (11 cm tall × 48 cm
diameter) constructed from black Sintra PVC (Laird Plastics, Boca Raton, FL) (Fig. 1).
The arena consisted of interior and exterior zones measuring 1074.6 and 734 cm2,
respectively. The two zones were separated by a 9.5 cm tall circular wall. The exterior
zone was divided into 16 compartments, each of 32 cm2, and delineated between the
compartments by additional opaque dividers. Among the exterior compartments, one
was randomly chosen as a treatment zone and the location of treatment zone was
rotated among the exterior compartments during the study to minimize any potential
positional effects. The treatment zone compartment was illuminated by a fixed full-
spectrum fiber optic light source (Figs. 1 & 2) (Fiber-Lite PL-750A111, Dolan-Jenner,
Dayton, OH). The intensity of the light source was measured and calibrated using a
light meter (LX-105, Reed Instruments, Quebec, CA) and a spectral radiometer
(EPP2000, StellarNet, Inc., Tampa, FL, USA) with a SL1 calibration source placed
220 mm from the end of the fiber optic cable. From the treatment zone, light was projected
into the interior circle through a semicircle hole (1 cm diameter) made on the circular
wall. The whole experimental arena was covered with a black opaque circular lid
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during the bioassays. Thus, trials were conducted in complete darkness (with the
exception of the light stimulus being presented) to provide non-competitive conditions
to assess the behavioral responses of H. halys.

Adult responses were monitored using an industrial fiberscope (IF11D4-20,
Olympus Optical, Tokyo, Japan) linked to a digital video camera recorder (DCR-
TRV740, Sony Corporation, Tokyo, Japan) where the video images were sent to a
computer and monitored by an experimenter (Fig. 1). This system was set up to record
the entrance and subsequent behaviors of adults in the treatment zone. Responses by
adults were evaluated at the following intensities: 630, 2000, 3235, 4750, and 8450 lux
(equivalents in μmol photons m-2 s-1 within 300–700 nm given in Table 1) and an unlit
control. Adults were released individually from the center of experimental arena and
given 10 min to respond. If an adult left the release zone and arrived at the entrance of
the treatment zone, it was recorded as positively phototactic (% arrival; Table 1).
However, an acceptance response was recorded only for those individuals that were
not only positively phototactic, but also fully entered the treatment zone. Because
adults have strong dispersal capacity via walking and flight (Lee and Leskey 2015; Lee
et al. 2014), one experiment used adults that were chilled for 10 min at ~4 °C to

Fig. 1 The bioassay device to test responses of adult Halyomorpha halys to light intensity based on a single
light stimulus. The notation corresponds to 1 the fiber optic cable, 2 fiberscope linked to a video recorder, 3 the
release zone for adult H. halys, 4 the entrance into the illuminated treatment zone, 5 the fiber optic light source
illuminating the treatment zone

Fig. 2 The light-based Y-tube used to assess the responses of adults to light intensity and wavelength in dual-
choice settings in the laboratory viewed a dorsally and b laterally. The notation corresponds to 1 adult release
chamber, 2 arms of the Y-tube with contrasting light stimuli, 3 illuminated fiber optic cable, and 4 box
containing the light source
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potentially minimize any escape responses they may exhibit after release in the
bioassay arena, while a second used unchilled adults. For each light intensity
treatment, 40 chilled and 20 unchilled individuals (1:1 sex ratio) were evaluated. Data
were analyzed separately for each experiment as we observed a significant difference
between chilled and unchilled individuals in terms of positive phototaxis based on
Chi-squared analyses (χ2 = 8.30; df = 1; P = 0.005), though no differences in sex
were detected. A Kruskal-Wallis test was performed to establish if there were significant
differences in the number of adults entering the treatment zone among light intensities
tested. Those individuals evaluated in complete darkness were excluded from the
analysis, as no individuals entered the treatment zone.

Wavelength-Restricted Stimuli To establish if H. halys respond to particular wave-
lengths of light, dual-choice bioassays (Fig. 2) were conducted using light sources
representing different portions of the light spectrum (Fig. 3). Compact fluorescent bulbs
were used as light sources and they included: white (Litetronics International, Inc.,
Alsip, IL), black (ultraviolet) (Damar Worldwide, Aurora, MO), blue, green, yellow,
and red (Sunlite Manufacturing, Brooklyn, NY) (Fig. 3). The light bulb was fitted into a
box (19 × 33 × 26 cm) and the illumination from bulb was delivered through a fiber
optic cable and projected into one of the dual-choice tubes (2.7 cm diameter × 60.0 cm
length) (Fig. 2a, b). Light intensity was measured in μmol of light between 300 and
700 nm in m-2 s-1 for each light source by placing a spectral radiometer (EPP2000) at
the end of the optic cable. The number of photons that each light source emits can be
calculated manually by converting μmol to mol and multiplying by Avagadro’s
number. Spectral profiles of lights were also measured using the same device and the
profiles were saved into a computer using spectroscopy software (SpectraWiz,
StellarNet Inc., Tampa, FL).

Table 1 Percentage (%) of chilled and unchilled adult Halyomorpha halys demonstrating positive phototaxis
and stimulus acceptance based on arrival at and entry into treatment zone, respectively, and overall stimulus
acceptance rate

Stimulus (lux) Stimulus
(μmol/ m2 • s)b

Chilled adults Unchilled adults

Arrival Entry Stimulus
acceptance (%)a

Arrival Entry Stimulus
acceptance (%)

Controlc Control – 0.0 – – 0.0 –

630 14 55.0 47.5 86.4 75.0 65.0 86.7

2000 42 25.0 17.5 70.0 45.0 30.0 66.7

3235 67 62.5 47.5 76.0 70.0 45.0 64.2

4750 95 60.0 37.5 62.5 75.0 25.0 33.3

8450 162 50.0 22.5 45.0 75.0 30.0 40.0

a Stimulus Acceptance Rate = (Total Number Entering Treatment Zone/ Total Number Arriving at Treatment
Zone Entrance) × 100
b Radiation measured between 300 and 700 nm
cArrival could not be measured for the control because of total darkness
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Adult H. halys were evaluated individually by gently adding them to the release
chamber (15 cm diameter × 20 cm wide) where the openings of two tilted 60-cm long
glass arms were connected forming a Y-tube configuration to allow test subjects to
make a choice between stimuli (Fig. 2). Each individual was given 10 min to respond.
A positive response was recorded if the test subject left the release chamber, entered
and walked >40 cm into one of the Y-tube arms. For the first series of trials, the
responses of individual adults were compared between a given light stimulus and an
unlit control. The test was conducted for each light stimulus source at three distinct
intensities: 1) 100 % output; 2) 10 % output; and 3) 1 % output (1 lm). A second series
of trials compared H. halys response when two light-based stimuli were offered
simultaneously; the light intensity of stimuli was standardized at 1 % of the total output
for this experiment. All trials were conducted in complete darkness (with the exception
of the light stimuli being presented) to remove other visually competitive conditions.
Twenty individuals were evaluated for each paired set of treatments. Adults were

Fig. 3 Relative wavelength output from 40 W white, black, blue, green, yellow and red compact fluorescent
bulbs used in the laboratory choice trials and field trapping trials
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directly observed after the start of a trial. After each trial, the positions of the two
stimuli were reversed and the bioassay device was cleaned daily with Alconox and
water and allowed to dry.

Based on the null hypothesis that H. halys would show no preference for either
treatment (1:1 response ratio), data were analyzed with a Chi-square goodness of fit test
after correcting for continuity with Yates’ correction factor (Zar 1984). In addition, a
response index (RI) modified from a formula reported in Leskey and Prokopy (2000)
originally developed to compare the relative attractiveness to paired olfactory stimuli in
choice experiments was used to compare relative attractiveness of light-based stimuli in
choice experiments. The RI was calculated by subtracting the number of H. halys
responding to Treatment 1 (T1) from the number responding to Treatment 2 (T2), where
T2 ≥ T1, dividing by the total number of adults tested, and multiplying by 100. Thus,
only positive integers, ranging from 0 to 100, are reported for RI, where a greater RI
value represents a larger difference in the attractiveness to insects between the two light
sources.

Field Studies

Trap Design A black pyramid trap system, which was originally developed to monitor
H. halys using olfactory stimuli (see Leskey et al. 2012c for detail), was modified to
install a light stimulus as an attractant in the insect-collecting unit (1.9 L) (Fig. 4). In
this case, the collecting jar that is attached to the pyramid base to capture of walking
insects was modified to accommodate a light bulb inside the jar (Fig. 4). The same
compact fluorescent light bulbs previously used in the laboratory trials were installed in
the traps and evaluated in the field. An insecticidal strip (Hercon Vaportape II, Hercon
Environmental, Emigsville, PA) was placed within collection jars to prevent insects
from escaping.

Field Response to Wavelength-Restricted Stimuli Traps with light sources were
deployed from 1 August through 20 October 2011. However, sample dates after 12
September were excluded as almost no bugs were captured. Treatments included traps
provisioned with white, black, blue, green, yellow, or red compact fluorescent bulbs.
An unlit bulb acted as a control. Three replicates were deployed at the periphery of
crops that serve as H. halys hosts: two replicates were deployed ~3 m from peach trees
and one replicate ~3 m from a corn field. AllH. halyswere removed from the collecting
jars and counted twice weekly. All other debris was removed from traps. Data were log
(x + 1)-transformed and analyzed using a one-way ANOVA followed by Tukey’s HSD
(SAS 2003). Residuals were plotted and checked for normality assumptions, which
were fulfilled after transformation.

Specificity of Responses to Wavelength-Restricted Stimuli From 12 June through
30 September 2012, we deployed traps as described above baited with white, black, or
blue light sources and compared responses of H. halys adults with an unlit control.
Three replicates were deployed for each treatment just outside the border row of tree
fruit blocks at three commercial orchards in MD: 1) Orchard 1, Westminster, MD (39°
36′ 46″ N, 77° 02′ 12″ W), 2) Orchard 2, Elkton, MD (39° 40′ 15″ N, 75° 48′ 50″ W),
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and 3) Orchard 3, Smithsburg, MD (39° 40′ 26″ N, 77° 32′ 33″ W). Traps were
sampled and maintained weekly. All H. halys were removed and counted along with
Coleopteran, Hymenopteran, Lepidopteran, and Dipteran non-targets. All other debris
was removed from traps.

H.halys trap capture data were log (x + 1)-transformed and analyzed using a one-
way ANOVA followed by Tukey’s HSD. Residuals were plotted and checked for
normality. In addition, we calculated Pearson’s correlation coefficients for captures in
traps between light sources to understand if each type of light was yielding similar
biological patterns through the season. For capture of non-target hymenoptera, dipteral
and coleopteran, data were converted to a resemblance matrix based on the average
number of each taxa present on a given date at a given light source using Bray-Curtis
distances, which have been shown to be appropriate for most types of ecological data
(Clarke 1993). The dissimilarity matrix based on the data was then visualized using
non-metric multi-dimensional scaling (NMDS) as implemented in R Software (R Core
Team 2014) using the Vegan package. Afterwards, the Shepard plot was inspected to
evaluate stability of NMDS, and stress values were inspected to ensure they were <0.13
threshold commonly considered as the cutoff point for a reliable ordination (e.g. Clarke
and Warwick 2001). To evaluate significant differences in community composition
between the light sources, an analysis of similarity (ANOSIM) was performed on the
whole dataset, which assesses the significance of the test statistic R. The R-statistic can
vary from −1 to 1, with 0 indicating no difference between the groups and 1 or −1
indicating that the groups are completely dissimilar. A total of N = 1000 permutations
were used in calculation of the ANOSIM. Pairwise R-values were also calculated
between each group in addition to the overall model. In order to evaluate the percent

Fig. 4 A black pyramid trap system modified to test responses of adult H. halys to light intensity and
wavelength in the field. The notation corresponds to 1 fluorescent bulb, 2 insecticidal strip, 3 yellow funnel,
and 4 black trap base (1.22 m in height)
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contribution of each taxon to the differences between the groups, a similarity percent
(SIMPER) procedure was implemented in R software, and was reported as the overall
average contribution of each taxon to differences between the groups. Because some
authors (e.g. Warton et al. 2012) have suggested that ANOSIM and SIMPER may
erroneously inflate Type I errors by confusing differences in location with differences in
dispersion (e.g. variance), we have implemented a test for multivariate dispersion
analogous to Levine’s test. Specifically, we calculated the average distance of each
group to the group’s centroid in the dissimilarity matrix and subjected it to an analysis
of variance (ANOVA; Anderson 2006). Upon a significant result from ANOSIM,
Tukey’s HSD were performed to parse apart differences in the univariate responses
among visual stimuli in each taxon (R Core Team 2014).

Field Response to Light Intensity From 31 July through 30 September 2012, we
deployed traps baited with either 24 W (equivalent to 100 W incandescent light
according to the manufacturer’s specifications) or 11 W (40 W incandescent light) blue
compact fluorescent bulbs (Sunlite Manufacturing, Brooklyn, NY) at the Appalachian
Fruit Research Station, Kearneysville, WV. Three replicates were deployed for each
treatment ~3 m from bordering hedgerows. Traps were sampled and maintained weekly
as described above. Data were pooled across dates and analyzed using a Student’s
t-test.

Results

Laboratory Responses to Light Intensity In the laboratory, we observed significantly
different responses among light intensities tested. For adults that were chilled prior to
release, significant differences were detected (χ2 = 13.74; df = 4; P < 0.01) as lower
proportions of responders demonstrated stimulus acceptance (those adults that not only
left the release zone and but also entered the treatment zone) when presented with
higher intensity stimuli of the given wavelength (Fig. 5). No adults entered the
treatment zone when it was darkened (the control). Stimulus acceptance rates for
630 lux (light intensity given in μmol photons m-2 s-1 in Table 1) were greatest at
86.4 % while those evaluated at 8450 lux were the lowest at 45.0 % (Table 1). When
adults were not chilled, the difference was not significant (χ2 = 8.91; df = 5; P = 0.06)
though the response pattern was similar as lower percentage responders entered the
treatment zone when provided with higher intensity stimuli and no adults entered the
darkened control. Again stimulus acceptance rates were highest at 630 lux (86.7 %) and
lowest at 8450 lux (40.0 %) (Table 1). Based on these results, we used unchilled adults
in subsequent experiments.

Laboratory Responses to Wavelength-Restricted Stimuli

Light-Based Stimuli vs. Unlit Control At 100 % output, significantly greater pro-
portions of adults chose light-based stimuli compared with the unlit control, regardless
of light sources provided (P < 0.05) (see Fig. 6a for full statistics). Among all
treatments, the highest proportion of positive responders was to the red light source
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(90 %), with measured output at the longest wavelengths among treatments evaluated
(Fig. 3). Conversely, the lowest proportion of positive responders was to the black light
source (35 %), with measured output at the shortest wavelengths.

Fig. 5 Relative wavelength output from a 21 V, 150 W EKE quartz halogen bulb used in intensity trials

Fig. 6 Proportion of adult Halyomorpha halys responding to light-based stimulus and unlit control at a
100 %, b 10 % output, and c 1 % output (one lumen) with χ2 and P-values (***P < 0.001; **P < 0.01;
*P < 0.05) (n = 20)
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At 10 % output, significantly more adults again chose light-based stimuli when
compared with the unlit control (P < 0.01) (Fig. 6b). High proportions of positive
responders were recorded for all light source stimuli (>70 %). At 1 % output (1 lumen),
adults no longer chose red in statistically greater proportions compared with the unlit
control (Fig. 6c). However, significantly more adults chose yellow, green, blue, black
and white light sources, respectively, when compared with the unlit control (P < 0.01).
Unlike those adults evaluated with 100 % light output, the highest proportion of
responders was to the black light source at 1 % output (85 %). Conversely, the lowest
proportion of positive responders was to the red light source (40 %) with 20 %
responding to the unlit control.

Paired Light-Based Stimuli Among paired light sources, adults chose black in
statistically greater numbers than green, yellow, red or white light sources (P < 0.05)
(see Table 2 for statistics); >86 % of all responders chose black over the other
corresponding treatment. Blue was chosen over green, yellow and red light sources
in statistically greater numbers with ≥80 % of responders choosing blue over the other
corresponding treatment. Green was chosen over yellow, and white was chosen over
red light sources in statistically greater numbers (Table 2). When identical light sources
(i.e., T1 and T2 are the same treatment) were offered, there was never a statistical
difference with the mean RI = 10.8 ± 3.5 (SE). Interestingly, pairing white and blue
yielded no statistical difference, and pairing black with blue yielded was statistically
marginal (P = 0.052). Among stimuli evaluated, greatest RI values were reported for
black, followed by blue and then white indicating that these stimuli were most attractive
under laboratory conditions.

Field Responses to Wavelength-Restricted Stimuli From 1 August through 20
October 2011, a total of 13,563 adult H. halys were captured in traps baited with
light-based stimuli. No nymphs were recovered. The ANOVA model for trap captures
was significant (F6, 133 = 41.20, P < 0.001). Among treatments, significantly greater
numbers were captured in traps baited with white, blue, and black light sources
(Tukey’s HSD, P < 0.05) (Table 3). Throughout the trapping period, captures persisted
until the third week of September when they rapidly declined; this was the same week
that adults began moving to overwintering sites in the field (Fig. 7).

Specificity of Field Responses to Wavelength-Restricted Stimuli From 12 June
through 30 September, a total of 2957 adult H. halys were captured in traps baited
with light-based stimuli. The trap captures of adults was significantly (F5,570 = 22.60;
P < 0.001) affected by the treatment (Table 4) and orchard (data not presented)
(P < 0.001). Among light-based treatments, significantly greater numbers of H. halys
were captured in traps baited with white light sources, followed by blue light sources.
Across the trapping period, traps baited with light sources consistently captured
H. halys (Fig. 8). Although captures were greatest in traps baited with white light
sources, Pearson’s correlation coefficients indicated significant positive correlations for
H. halys captures in traps baited with black and blue light sources (r = 0.5401,
P < 0.001), black and white light sources (r = 0.6812, P < 0.001), as well as blue
and white light sources (r = 0.8244, P < 0.001) based on season-long captures in the
field. Significant differences in pest pressure were detected among orchards with one
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Table 2 Percentage (%) of adult Halyomorpha halys responding to each light-based stimulus at 1 % output
(one lumen) in a dual-choice light bioassay with paired lights (one in each arm), results of chi-squared
goodness of fit test, and Response Index (RI) for the treatment to which the most adults responded

Arm 1 % Responding Arm 2 % Responding χ2 P-value RIa

Black 47.1 Black 52.9 0.00 1.000 5

Black 76.4 Blue 23.5 3.77 0.052 45

Black 88.9 Green 11.1 9.39 0.002 70

Black 93.4 Yellow 6.3 10.56 0.001 70

Black 94.1 Red 5.8 11.53 <0.001 75

Black 86.7 White 13.3 6.67 0.010 55

Blue 50.0 Blue 50.0 0.00 1.000 0

Blue 81.2 Green 18.8 5.06 0.024 50

Blue 86.6 Yellow 13.3 6.67 0.010 55

Blue 80.0 Red 20.0 4.27 0.038 45

Blue 70.6 White 29.4 2.12 0.145 35

Green 40.0 Green 60.0 0.27 0.605 15

Green 86.7 Yellow 13.3 6.67 0.024 55

Green 66.7 Red 33.3 1.07 0.301 25

Green 21.4 White 78.6 3.50 0.061 40

Yellow 33.3 Yellow 66.7 1.07 0.301 25

Yellow 66.7 Red 33.3 1.07 0.301 25

Yellow 21.4 White 78.5 3.50 0.061 40

Red 42.8 Red 57.1 0.07 0.798 10

Red 20.0 White 80.0 4.27 0.038 45

White 45.0 White 55.0 0.05 0.823 10

a The RI was calculated by subtracting the number of H. halys responding to Treatment 1 (T1) from the
number responding to Treatment 2 (T2), where T2 ≥ T1, dividing by the total number of adults tested, and
multiplying by 100

Table 3 Mean number adult
Halyomorpha halys (±SE) cap-
tured per trap per week from 1
August through 12 September
2011 baited with a wavelength-
restricted light source or left unlit
(control)

Treatment Intensity
(μmol photons/m2 • s)a

Mean ± SE

White 169 230. ± 60.5 ab

Blue 114 163.4 ± 41.4 a

Black 17.8 146.2 ± 39.4 a

Green 62 88.5 ± 19.7ab

Yellow 95 35.9 ± 8.7 b

Red 27 4.2 ± 1.2c

Control – 2.8 ± 0.9 c

a Intensity of light measured 5.7 cm from light source for radiation
between 300 and 700 nm in wavelength
b Values in the same column followed by a different letter are
significantly different according to Tukey’s HSD (P < 0.05)
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orchard having 10.8 ± 2.0 (SE) adults per trap per week while two others had
significantly lower captures at 3.3 ± 0.6 and 1.2 ± 0.2 adults per trap per week.

The different visual stimuli attracted different communities of nontarget species
(ANOSIM: R = 0.609, P < 0.0001; Fig. 9). These differences did not arise due to
differences in dispersion between the various visual stimuli (ANOVA: F3,60 = 0.739,
P = 0.533). Significantly greater numbers of non-target insects were captured in traps
baited with white light sources (40.7 % of all non-target captures), followed by black
light sources (34.4 %), blue light sources (22.8 %) and unlit control traps (2.1 %)
(Table 4).

The control was most dissimilar from the other treatments in terms of taxa caught
when compared to blue (ANOSIM: R = 0.994, P < 0.0001), black (R = 0.988,
P < 0.0001), and white (R = 0.998, P < 0.0001) visual stimuli (Fig. 8). White visual
stimuli were least different in the taxa attracted when compared blue (R = 0.191,
P < 0.002) and black (R = 0.220, P < 0.0007) stimuli. Black and blue stimuli were
somewhat more different in the nontarget insect community recruited (R = 0.461,
P < 0.0001). When the pairwise contributions of the various taxa to the differences
between the various visual stimuli are taken as an aggregate, Lepidoptera and Diptera
were the primary drivers in the differences in community composition, accounting for
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Fig. 7 Mean number adult Halyomorpha halys captured per trap across three locations in traps baited with
light-based stimuli from 31 July through 17 October, 2011 (n = 3)

Table 4 Mean number adult
Halyomorpha halys and non-
targets (± SE) captured per trap
per week across all commercial
orchards from 12 June through 30
September 2012 baited with a
wavelength-restricted light source
or left unlit (control)

Treatment Mean H. halys ± SE Mean non-targets ± SE

White 14.19 ± 2.54 aa 126.99 ± 9.82 a

Blue 5.63 ± 0.98 b 70.93 ± 3.95 b

Black 0.69 ± 0.15 c 107.31 ± 7.05 ab

Control 0.03 ± 0.01 c 6.51 ± 0.51c

a Values in the same column followed by a different letter are
significantly different according to Tukey’s HSD (P < 0.05)

J Insect Behav



51.7 ± 0.05 % and 27.8 ± 0.03 % (SIMPER) of the difference between groups,
respectively. Coleoptera and Hymenoptera, on the other hand, only accounted for
15.5 ± 0.02 % and 0.04 ± 0.003 % of the differences in community composition,
respectively (SIMPER; Table 5).

Field Responses to Intensity Under field conditions, we found that traps baited with
higher intensity blue light sources (24 W: 114 μmol photons/m2 • s) captured
significantly more H. halys than traps baited with lower intensity light sources
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Fig. 8 Mean number adult Halyomorpha halys captured per trap across three commercial orchards in traps
baited with light-based stimuli from 12 June through 30 September, 2012 (n = 9)

Fig. 9 Non-metric multi-dimensional scaling ordination plot of based on Bray-Curtis distances calculated
between the average abundance among field sites of the nontarget insect taxa per sampling date for black
(solid black circles), white (solid grey circles), blue (dashed grey circles), and control (dashed black circles)
visual stimuli deployed from 12 June to 30 September 2012. The nontarget insect community attracted is
significantly different for the various visual stimuli (R = 0.609, P < 0.0001). The ordination stress =0.053, with
lower stress indicating a better fit
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(11 W: 67 μmol photons/m2 • s) (t = 2.157; P = 0.036). On average, traps with higher
intensity captured 29.37 ± 8.15 (SE) adults per trap per week, while those with lower
intensity light sources captured 11.00 ± 2.44.

Discussion

In the laboratory, we found that adult H. halys demonstrated distinct positive photo-
tactic responses to a range of intensities of full-spectrum light based on proportions of
responders arriving at the entrance of the treatment zone (the illuminated portion of the
bioassay device). Toyama et al. (2011) indicated that diapausing adults seek darkened
refugia based on laboratory studies, but also reported that non-diapausing adults also
sought darkened refugia. These results are in contrast with our own, as we never
observed negatively phototactic responses from non-diapausing adults. Adults consis-
tently moved toward the light-based stimulus based on proportions arriving at the
treatment zone. However, at high intensities, although adults were positively phototac-
tic, they often did not enter the treatment zone and accept the light source stimulus
indicating potential arrestment and/or repellency at higher intensities. Perhaps, the
intensity used by Toyama et al. (2011) was sufficiently high to elicit a similar response,
although specific intensities during trials were not reported within the context of that
report. Similarly to work with the area of arrestment around a pheromone source for
H. halys (Morrison et al. 2015b), it may be that there is an analogous area of arrestment
around a light source if the intensity is high. Moreover, we continuously recorded the
position of H. halys relative to the entrance of the treatment zone with the light source
whereas Toyama et al. (2011) only recorded responses and positions of H. halys at 0.5
and 5.0 h after release. Halyomorpha halys may have demonstrated positively photo-
tactic responses that were not recorded based on artifacts in the data collection methods.

Among comparisons of wavelength-restricted stimuli and an unlit control, adults
nearly always chose the light source offered compared with a darkened control under
non-competitive (complete darkness) laboratory conditions. However, light intensity
was also important in terms of overall patterns of response (Fig. 6). At 100 % bulb
output, red was most visually stimulating compared to the unlit control. Conversely,
only 35 % of responders chose the black light source, although none responded to the

Table 5 Mean number non-target Coleoptera, Diptera, Hymenoptera and Lepidoptera (± SE) captured per
trap per week across all commercial orchards from 12 June through 30 September 2012 in traps baited with a
wavelength-restricted light source or left unlit (control)

Treatment Mean Coleoptera ± SE Mean Diptera ± SE Mean Hymenoptera ± SE Mean Lepidoptera ± SE

White 22.17 ± 3.10 aa 42.64 ± 4.60 a 7.09 ± 1.02 a 55.13 ± 5.48 b

Blue 13.13 ± 1.33 b 23.18 ± 0.55 b 5.06 ± 0.55 b 29.38 ± 2.33 c

Black 8.57 ± 0.98 c 20.55 ± 2.26 b 3.95 ± 0.68 c 74.22 ± 5.95 a

Control 2.20 ± 0.30 d 1.90 ± 0.27 c 1.49 ± 0.18 d 0.90 ± 0.12 d

a Values in the same column followed by a different letter are significantly different according to Tukey’s HSD
(P < 0.05)
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unlit control. When intensity was decreased to 1 % total output (1 lumen), however, the
proportion of test subjects responding to red dropped substantially while the proportion
of test subjects responding to the black stimulus increased to 85 % with only 5 %
responding to the unlit control. When we compared two wavelength-restricted stimuli
at 1 % total output in our dual choice bioassay, black, blue, and white were typically
chosen over other wavelength-restricted stimuli sources in paired trials. Other insect
species also commonly respond to wavelength-restricted visual stimuli. For example,
the red flour beetle, Tribolium castaneum (Herbst) responded to ultraviolet LED light
sources with dominant output at 390 nm. In fact, this light-based stimulus was more
effective at attracting adults compared with the aggregation pheromone (Duehl et al.
2011). Similarly, the Indian meal moth, Plodia interpunctella (Hübner), was attracted to
ultraviolet light compared with other light-based stimuli (Sambaraju and Phillips 2008;
Cowan and Gries 2009).

Halyomorpha halys has also been clearly documented as responding to and can be
monitored by ultraviolet light under competitive field conditions based on blacklight
trap captures (Nielsen and Hamilton 2009a, b; Nielsen et al. 2013). Similarly, the green
stink bug, Chinavia (=Acrosternum) hilare can also be monitored in the field using
blacklight traps (Kamminga et al. 2009). In our first field study, we used 24 W compact
fluorescent bulbs (equivalent to 100 W incandescence) in order to illuminate black
pyramid traps in the field to measure attraction under competitive field conditions. We
found that among all wavelength-restricted stimuli offered, traps baited with white light
sources captured the greatest number of adult H. halys, followed by those with blue and
black light sources under competitive field conditions. Interestingly, however, light
intensity did not strictly correspond with the greatest captures of adult H. halys as traps
baited with white and blue light sources had intensities of greater than 50-fold
compared with black light sources. This result suggests that the wavelengths presented
in the experiments was also very important in the attraction of H. halys to traps.

Because a diverse array of flying insects respond to light stimuli, it is important to
establish the specificity of responses by target pests among visually stimulating light
sources. For example, Nabli et al. (1999) reported that natural enemies, including
coccinelids, ichneumonids, and chrysopids were attracted to traps baited with light-
based stimuli with coccinelid and ichneuomonid species responding to blacklight and
black/blue stimuli, respectively. Over the course of our study (mid-June to late
September), we found that although traps baited with white light sources captured
significantly more H. halys, they also captured significantly more non-targets.
Conversely, traps baited with blue light sources captured significantly fewer non-
targets than traps baited with white, but also reliably captured adult H. halys with a
significant positive correlation with the H. halys captures by white light during the
season. This suggests that both light sources may yield similar biological information.
The different light sources seemed to capture unique communities of nontarget species,
with captures of Lepidoptera and Diptera being the primary drivers of divergence
between the communities at each light source. Interestingly, traps baited with black
light sources captured significantly fewer H. halys compared with traps baited with
white or blue light sources, even though commercially available blacklight traps have
been used to reliably trap and monitor adults at a landscape-level (Nielsen and
Hamilton 2009a, b; Nielsen et al. 2013). However, we know from laboratory and field
studies that intensity also has an effect on response of H. halys. For example, we
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evaluated traps baited with blue light sources with two different intensities. Traps baited
with the 8-cm long 24 W compact florescent bulbs captured approximately 2.5× more
adult H. halys than with 5-cm long 11 W bulbs in the field. However, more research is
needed to quantify the effect of light intensity on H. halys responses. It is likely that
intensity will not only affect total captures, but also distance of response by insects in
the field, depending on ambient light pollution. The standard bulbs used in commercial
blacklight monitoring traps are 45-cm long, 15 W bulbs, and may be able to attract
greater numbers of bugs over longer distances compared with those used in the present
study. However, we found significant positive correlations among traps baited with
white or blue light sources with those baited with black light sources indicating that
although captures were lower than those with white or blue light sources, they were
essentially detecting the same season-long trends of H. halys populations in and around
tree fruit orchards.

Recent work with developing an attract-and-kill strategy in apple using semiochem-
icals that are attractive to H. halys have found that the species has an area of arrestment
of less than 2.5 m around a pheromone source (Morrison et al. 2015b). Based on our
lab and field studies, it also seems that there may be an analogous area of aggregation
or arrestment around light stimuli, especially since H. halys adults were often seen on
the outside of traps. Future behavioral work should investigate the dynamics of light
stimulus response by H. halys, including how large this area of arrestment may be.
Furthermore, abiotic factors such as temperature, cloud cover, wind, and moon light
also need to be examined to establish under what conditions and whenH. halys respond
to light-based stimuli. For example, adult propensity to initiate flight decreases rapidly
at temperatures below 20 °C based on direct daytime observations (Lee and Leskey
2015) and strongly indicates that light traps may not adequately reflect H. halys
presence or activity under cooler conditions. However, further studies are warranted
to better understand H. halys behavior using specific light-based attractants alone or in
conjunction with other stimuli such as the now well-elaborated pheromonal monitoring
system for H. halys.
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