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Abstract

The brown marmorated stink bug, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae), is an invasive agricultural
and nuisance pest that has established across much of the United States and caused significant crop losses in the
Mid-Atlantic region. While it has been monitored extensively using ground-deployed pheromone traps, the vertical
distribution of its life stages in the canopy of wild tree hosts has not been examined. In Virginia, small pyramid
traps baited with ‘low-dose’ H. halys pheromone lures were deployed via a pulley system at the lower, mid-, and
upper canopy of female tree of heaven (Ailanthus altissima (Mill.) Swingle) in 2016 and 2017 and male A. altissima
and hackberry (Celtis occidentalis L.) in 2017. Weekly captures of adults and nymphs were recorded throughout
each season. Each year, additional female A. altissima trees were felled during the two main periods of H. halys
oviposition. The number and relative locations of all pentatomid egg masses found on foliage were recorded and
any parasitoids that emerged from them were identified. Halyomorpha halys adults and nymphs were captured
in greatest numbers in upper canopy traps and in lowest numbers in traps near the tree base. More H. halys egg
masses were collected from mid-canopy than from the lower or upper canopy. The adventive egg parasitoid,
Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae), emerged most frequently from egg masses found at
mid-canopy and was not recovered from those in the lower canopy. Results are discussed in relation to the foraging
ecology of H. halys and its natural enemies, including TT. japonicus.

Key words: brown marmorated stink bug, biological control, parasitoid, invasive species

Halyomorpha halys (Stdl) (Hemiptera: Pentatomidae) is an invasive
pest from Asia (Hoebeke and Carter 2003) that feeds or reproduces on
many cultivated and wild plants (www.stopbmsb.org). A widespread
outbreak of H. halys in the Mid-Atlantic region of the United States
in 2010 resulted in losses of over $37 million to the apple crop and
severe impacts to many peach orchards (Leskey et al. 2012). Given its
broad host range, high mobility (Lee et al. 2014, Wiman et al. 2015,
Lee and Leskey 2015), and propensity to ‘hitchhike’ in human convey-
ances, H. halys has now been detected or established in 44 states, four
Canadian provinces (www.stopbmsb.org; accessed 12 March 2018),
and several countries abroad (Leskey and Nielsen 2018).
Halyomorpha halys is not known to reside permanently in
any crop, but moves into crops from its many wild hosts (Bakken
et al. 2015). It is considered a perimeter-driven pest, and injury

from its feeding is often greatest at crop borders next to wooded
areas (Leskey et al. 2012, Joseph et al. 2014, Venugopal et al. 2015,
Bergmann et al. 2016). Given its wide distribution and mobility in
the landscape, insecticide applications can reduce H. halys injury to
crops but likely do not have a substantial effect on its pest pres-
sure overall. Most of the effective insecticides for managing H. halys
injury to crops are toxic to natural enemies, resulting in disruption
of integrated pest management programs and frequent outbreaks of
secondary pests (Rice et al. 2014, Leskey and Nielsen 2018). Thus,
effective biological control of H. halys in non-crop habitats is con-
sidered a key element of its sustainable management.

In the United States, numerous native parasitoids and predators
that attack H. halys have been identified, but have not regulated its
populations adequately (Abram et al. 2017). During the summer of
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2014, an adventive population of the Asian parasitoid of H. halys
eggs, Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae),
was detected from samples collected in Beltsville, MD (Talamas et al.
2015a). Subsequent detections have occurred in the Mid-Atlantic and
Pacific Northwest (reviewed in Leskey and Nielsen 2018). In Frederick
County, VA, T. japonicus has been detected annually since 2015
(Quinn, unpublished data). Given the important role of T. japonicus in
regulating H. halys in its native Asian range (Yang et al. 2009, Zhang
et al. 2017), this significant development may result in improved bio-
control services in the United States (Abram et al. 2017).

Typically, pheromone-based monitoring of H. halys has used
ground-deployed traps (Leskey et al. 2015, Morrison et al. 2015).
However, anecdotal and experimental observations suggest that
H. halys activity may be most abundant in the upper canopy of
host trees. B. D. Short (USDA ARS, personal communication)
observed high numbers of H. halys and appreciable feeding injury
from it at the top of tree of heaven, Ailanthus altissima (Mill.)
Swingle (Sapindales: Simbaroubaceae), and Joseph et al. (2014)
recorded greatest fruit injury from H. halys at the top of apple trees
in commercial orchards. If H. halys density is stratified vertically in
the host tree canopy, the distribution and density of its egg masses,
and thus of its egg parasitoids, may also be similarly stratified.
Understanding these distributions would greatly enhance our cap-
acity to monitor the presence, abundance, and impact of its egg par-
asitoids, including T. japonicus.

This study presents data from trapping and destructive sam-
pling studies that examined: 1) the vertical distribution of H. halys
captures in pheromone traps, 2) the vertical distribution of its egg
masses, and 3) the predation and parasitization of these egg masses
and the parasitoid species recovered from them.

Materials and Methods

Trapping Sites and Tree Hosts

All studies were conducted in Frederick County, VA. The host trees
used for trapping were located at Virginia Tech’s Alson H. Smith,
Jr. Agricultural Research and Extension Center (AREC) near
Winchester, VA (39.112867, -78.284029) and at three commercial
fruit orchards within 20 km of the AREC. Given that tree of heaven
was the most common deciduous tree species in the local landscape
(Acebes-Doria et al. 2017) and that it can harbor large popula-
tions of H. halys in the eastern United States (Bakken et al. 2015)
(Fig. 1), female tree of heaven (7 = 5) were selected for sampling
in 2016 and 2017, using the same trees each year. In 2017, male
tree of heaven (7 = 5) and hackberry, Celtis occidentalis L. (Rosales:
Cannabaceae) (n = 5) were also sampled. Hackberry is a host of
H. halys (www.stopbmsb.org) and was the second most common
deciduous tree species recorded at the woodland edge in this region
(Acebes-Doria et al. 2017). All trees were located at the woods edge
adjacent to experimental or commercial apple and peach orchards.
Each sample tree was 220 m from other trees of the same sex or
species and 2101 m from other trees having traps. Trees of similar
height (9.2 m = 0.29 SE), DBH (24.1 ¢cm = 1.3 SEM), and architec-
ture (i.e., mostly upright, with branching along most of the trunk),
were selected. All trees bore fruit during the season, with the excep-
tion of male tree of heaven.

Pheromone Trap Transects

Professional arborists inserted an eye bolt near the top and bottom of
the trunk of each tree. A pulley system was created by running a rope
through these and attaching the ends, creating a loop that enabled

Fig. 1. Nymphal H. halys on the samaras of a female tree of heaven (Ailanthus altissima) at Virginia Tech’s research station near Winchester, VA. Photo credit:

J. C. Bergh.
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raising and lowering the traps easily for sampling along the length
of the trunk. The rope was attached to the bottom eye bolt using
a carabiner, and the vertical distance between the top and bottom
bolt was measured, enabling even spacing of traps. Three 61 c¢m tall
pyramid traps (Dead-Inn, AgBio, Westminster, CO) were deployed
in each tree (Fig. 2A). These were baited with a low-dose residential
H. halys lure containing its aggregation pheromone, (3S,6S,7R,10S)-
10,11-epoxy-1-bisabolen-3-ol and (3R,6S8,7R,10S)-10,11-epoxy-1-
bisabolen-3-ol (Khrimian et al. 2014) and its pheromone synergist,
methyl (2E,4E,6Z)-decatrienoate (MDT) (Weber et al 2014), as well
as the main component of the aggregation pheromone of Euschistus
spp., methyl decadienoate, at loadings of 17 mg, 17 mg, and 7.5 mg,
respectively (AgBio, Westminster, CO). Along with lures, half of a
dichlorvos-impregnated strip (Vaportape, Hercon, York, PA) hung
within the collection jar atop the trap served as the killing agent.
Lures and dichlorvos strips were replaced at 14-d intervals, accord-
ing to manufacturer specifications and field data (Joseph et al. 2013).
The bottom trap was attached to the tree trunk at 1.04 = 0.08 SE m
above the ground, and the two other traps were attached to the rope
and positioned, respectively, at the approximate midpoint between
the upper and lower bolts and just below the upper bolt (Fig. 2A and
B). Traps at mid- and upper canopy, respectively, were 4.30 = 0.39
SE m and 8.60 = 0.79 SE m above the bottom traps. The number
of H. halys adults and nymphs captured in each trap was recorded
weekly from mid-April until mid-October.

Destructive Sampling

Mature female tree of heaven growing at the edge of woods next
to three commercial fruit orchards within 12 km of the AREC
were chosen, using the same selection criteria described above.
Trees selected for destructive sampling 2230 m away from trees
with pheromone traps. In 2016, trees were felled between 21 and
23 June (7 = 5) and between 2 and 5 August (7 = §), and in 2017,
trees were felled between 20 and 21 June (7 = 5) and 8-9 August
(n = 5). The June and August samples occurred within the pre-
dicted periods of oviposition by the overwintering and summer
generations, respectively, of adult H. halys (Nielsen et al. 2016).
After felling, total tree height, height of each branch at its growth
point from the trunk, and stump circumference (~1 m above the
ground) were measured, and all branches were flagged and num-
bered. The mean (+SE) height of the felled trees in 2016 and 2017,
respectively, was 9.9 = 0.47 m and 10.16 = 3.22 m. The number
of fruiting structures (samaras) was also recorded. All leaves were
inspected, and all pentatomid egg masses found were collected
and identified using visual appearance and comparisons with the
field guide of Herbert et al. (2014). For each egg mass found, the
length of the branch on which it occurred, its linear distance from
the trunk (based on branch length), and its approximate height

were recorded. The foliage from each branch was placed in paper
landscape bags and air-dried in a greenhouse for determination of
foliar biomass.

Fig. 2. (A) Pheromone-baited pyramid trap deployed in tree of heaven (Ailanthus altissima), (B) pheromone-baited pyramid traps (indicated by circles) at the
upper, middle, and lower canopy of female tree of heaven (Ailanthus altissima) near Winchester, VA.
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Egg masses were held individually in small Petri dishes in a con-
trolled-environment chamber at 25°C and a 16:8 (L:D) h photo-
period. The eggs in each mass were counted and categorized as to
whether they were intact, had yielded nymphs previously (based on
the presence of an egg burster), had yielded parasitoids previously
(based on the presence of circular parasitoid emergence holes), or
had been preyed upon, as per Morrison et al. (2016). Masses with
intact eggs were monitored daily for emergence of H. halys nymphs
or parasitoids. Specimens of all parasitoids that emerged were iden-
tified using the keys of Johnson (1984), Talamas et al. (2015b), and
Burks (1967).

Statistical Analysis

Data analyses used SAS 9.4 (SAS Institute, Cary, NC; SAS Institute
Inc 2018) and o = 0.05. For each year, captures of H. halys from ver-
tical trap transects were log transformed and compared among trap
locations (upper, mid, or lower canopy) and tree type (female tree of
heaven, male tree of heaven, or hackberry) using generalized linear
mixed models (GLMM:s) with Laplace approximation and log-nor-
mal distribution, with trap location as the main effect. The interac-
tion of trap location and sampling date were nested within sample
tree as random effects. From the destructive sampling, Kendall’s
Tau-b correlation coefficients were used to examine the relationships
between the number of pentatomid egg masses collected, T. japoni-
cus detection, tree height, branch height, branch length, tree circum-
ferences, linear distance from trunk, dry foliar biomass, and number
of samaras.

Results

Pheromone Trap Transects

In 2016, there was a significant effect of trap location on mean
weekly captures of H. halys adults (F,,, = 39.87, P < 0.01) and
nymphs (F, ;, = 35.61, P < 0.01) in female tree of heaven. Adult cap-
tures differed significantly among the three canopy locations, with
highest and lowest numbers in the upper and lower traps, respec-
tively (Fig. 3). Captures of nymphs were significantly greater in the
upper canopy than in mid- or lower canopy, which did not differ
significantly from each other (Fig. 3).
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In 2017, no significant effect of tree species on mean weekly cap-
tures of adults (F, ., = 0.085, P = 0.43) or nymphs (F, ,, = 0.33,
P > 0.05) (Fig. 4A); therefore, host species was excluded from the
model and captures were compared by canopy location. Captures
of adults in the upper canopy were significantly greater than in the
mid- and lower canopy, which did not differ significantly from each
other (F, ,,, = 55.81, P < 0.05) (Fig. 4B). Similarly, nymph captures
were significantly greater in the upper canopy than in the mid- and

lower canopy, which did not differ (F, ,, = 2.40, P > 0.05) (Fig. 4B).
Destructive Sampling: Egg Masses

In total, 38 and 20 pentatomid egg masses were collected in
2016 and 2017, respectively. All egg masses were recovered from
the underside of leaves. Fifty-one (87.9%) of these were iden-
tified as H. halys, with the remainder identified as Chinavia hila-
ris (Say) (Hemiptera: Pentatomidae) (7 = 2), Nezara viridula (L.)
(Hemiptera: Pentatomidae) (n = 2), Euschistus spp. (Hemiptera:
Pentatomidae) (7 = 2), and Podisus maculiventris (Say) (Hemiptera:
Pentatomidae) (7 = 1). Halymorpha halys egg masses were found in
eight of the 10 trees in 2016 (range = 1 to 8 per tree) and in six of
the 10 trees (range = 1 to 6 per tree) in 2017.

The majority (58.8%) of the 51 H. halys egg masses were from the
middle third of the canopy (7 = 30), with essentially equal numbers
from the upper (7 = 11) and lower (1 = 10) thirds. Of the seven varia-
bles measured from the felled trees (Table 1), the number of H. halys
egg masses found in 2016 was significantly correlated with branch
length ( = 0.20, 7 = 157, P < 0.001), linear distance from the trunk
(r=0.24,n =157, P = 0.045) and foliar biomass (r = 0.29, n = 157,
P < 0.0001), and with branch length (r = 0.20, 7 = 122, P = 0.007)
in 2017. A marginally significant correlation was found between egg
masses and branch height in 2017 (r = 0.14, 7z = 126, P = 0.05).

Destructive Sampling: Parasitization and Predation

All 51 H. halys egg masses collected in 2016 and 2017 produced
nymphs or parasitoids before and/or after collection, or showed
signs of predation. Twenty-four (47.1%) produced only nymphs, 11
(21.6%) yielded only parasitoids, and nine (17.6%) showed indi-
cations of predation only. The remainder produced both nymphs
and parasitoids (7 = 3; 5.9%), yielded nymphs and showed some

Middle Upper

Canopy Location

Fig. 3. Mean (£SE) weekly captures of H. halys adults and nymphs in pheromone-baited pyramid traps at lower, middle, and upper canopy locations in female
Ailanthus altissima in 2016. Bars with the same upper or lower case letter are not significantly different.
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Fig. 4. Mean (+SE) weekly captures of H. halys adults and nymphs in pheromone-baited pyramid traps at lower, middle, and upper canopy locations in 2017 by

(A) tree species and (B) canopy location.

Table 1. KendallTau-b correlation coefficient values for the relationship between measurements from felled female tree of heaven, H. halys

egg masses, and T. japonicus detections in 2016 and 2017

Measurement 2016

2017

Number of egg masses

T. japonicus detections

Number of egg masses T. japonicus detections

Tree height 0.07
Branch height 0.01
Branch length 0.20*
Tree circumference 0.09
Linear distance of egg mass from trunk 0.24%**
Foliar biomass by branch 0.29%# ==
Number of samaras 0.11

0.15%* 0.11 0.08
0.12 0.14* 0.15%**
0.12 0.20%* 0.04
0.01 0.002 0.07
0.07 0.38 0.14
0.26%** 0.0004 0.09
0.13 0.11 0.03

*P=0.05; **P < 0.05; ***P < 0.01; ****P < 0.001; *****P < 0.0001.

degree of predation (7 = 3; 5.9%), or showed both predation and
produced parasitoids (7 = 1; 2.0%). Of the 14 egg masses from
which adult parasitoids emerged in the laboratory, eight yielded
T. japonicus adults (99.1 = 0.9 SE % eggs parasitized). These were
distributed among six trees (range = 1 to 3 per tree), with six egg
masses from the middle third of the canopy and the remaining two
from the upper third. Detections of T. japonicus were positively
correlated with tree height (r = 0.15, n = 157, P = 0.03) and dry
foliar biomass (r = 0.26, n = 117, P = 0.008) in 2016, and with
branch height (r = 0.15, n = 126, P = 0.04) in 2017 (Table 1). Six
H. halys egg masses produced adults of native parasitoid species,
including Telenomus podisi Ashmead (Hymenoptera: Scelionidae)
(1 = 1; 88.5% eggs parasitized), Pteromalidae (Hymenoptera) (7 = 1;
32.1% eggs parasitized), Trissolcus brochymenae (Ashmead)
(Hymenoptera: Scelionidae) (n = 1; 85.7% eggs parasitized), and
Anastatus spp. (Motuschulsky) (Hymenoptera: Eupelmidae) (7 = 3;
97.4 = 1.8 SE % eggs parasitized). Two of the H. halys egg masses

that yielded Anastatus spp. were collected from the lower third of
the canopy, otherwise all other masses yielding native parasitoids
were found in mid-canopy. Of the native pentatomid egg masses
collected, the Podisus maculiventris egg mass produced Anastatus
spp., one Euschistus servus (Say) egg mass yielded Te. podisi, one
C. hilaris egg mass produced Anastatus reduvii (Howard), and nei-
ther N. viridula egg mass was parasitized. Egg masses showing evi-
dence of complete or partial predation (>1 predated egg; 7 = 13) had
81.4 + 7.9 SE % eggs preyed upon.

Discussion

Detection of an adventive population of T. japonicus in Maryland
in 2014 (Talamas et al. 2015a, Herlihy et al. 2016), and subsequent
detections elsewhere in the United States (Leskey and Nielsen 2018),
highlighted the need to develop efficient and effective sampling pro-
tocols to track its geographic distribution, spread, and population
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growth. Thus, information about the foraging ecology and distri-
bution of both H. halys and T. japonicus in the canopy of H. halys
host trees are of critical importance. Previously, the only information
about the distribution of H. halys adults and nymphs in the canopy
was from anecdotal observations suggesting a higher density in the
upper portion of wild hosts. Furthermore, there was no information
on the distribution of H. halys egg masses, the resource for T. japon-
icus, in the tree. We hypothesized that the distribution of H. halys
would reflect the distribution of its egg masses and therefore the
distribution of T. japonicus detections from eggs. Using captures of
H. halys adults and nymphs in pheromone traps as a proxy for its
vertical distribution in known tree hosts, our results indicated that
these life stages were most abundant in the mid- and upper canopy.
This finding was consistent between two tree species, the sexes of
tree of heaven, and between sampling years, despite differences in
the number of H. halys captured in female tree of heaven in 2016
and 2017. Conforming to these findings, destructive sampling from
felled female tree of heaven revealed that 80% of the H. halys egg
masses occurred in the mid- and upper canopy. Moreover, detections
of T. japonicus occurred only from H. halys egg masses collected
from the mid- and upper canopy.

In the absence of information about the distance over which
H. halys responds to a point source of pheromone, we attempted
to reduce the zone of attraction by using a commercially available
‘residential’ lure marketed for homeowner use that contained a
lower loading of pheromone than lures used to monitor H. halys
in agricultural systems. Admittedly, sampling H. halys adults and
nymphs in the canopy using vertical transects of pheromone traps
raises questions about the behavioral response of the insect to the
lures. However, the spatial coincidence between captures in traps
and the location of egg masses in trees without traps concurs with
anecdotal observations of high density in the upper canopy (B.
D. Short, personal communication) and experimental data show-
ing greatest fruit injury in the upper canopy of apple trees (Joseph
et al. 2014). Moreover, laboratory and field experiments by Acebes-
Doria et al. (2016, 2017) showed that H. halys nymphs were neg-
atively gravitactic and positively phototactic, and were captured in
greater numbers walking up versus down tree trunks. Euschistus
servus, a common native stink bug pest of many crops, was also
captured in greater numbers in pheromone traps in the upper can-
opy of pecan trees than in other tree locations (Cottrell et al. 2000).
Owens et al. (2013) reported that approximately 80% of the popu-
lation of C. hilaris and E. servus were located in the upper canopy
of mature soybean plants, independent of environmental conditions.
Martinson et al. (2015) demonstrated that seasonal differences in
H. halys abundance across a range of ornamental host trees were
associated with host phenology; H. halys moved among the hosts
in concert with the presence of fruiting structures during the sea-
son and were less abundant in experimentally de-fruited trees than
in trees with fruit. Interestingly, despite differences in the presence
of fruiting structures among the hosts used in the present study in
2017, no significant effect of plant species or sex on the number of
H. halys adults or nymphs captured was observed.

Pentatomids exhibit differing preferences for oviposition sites.
For example, E. servus oviposits more commonly on smaller cotton
bolls, whereas N. viridula prefers larger bolls (Huang and Toews
2012). In general, H. halys is considered an arboreal species (Rice
et al 2014), although it also feeds and oviposits on a range of plants
and shrubs (www.stopbmsb.org) and typically deposits it eggs on
the underside of host plant leaves (Nielsen and Hamilton 2009).
We selected female tree of heaven as a model host for most of this
work, given that its native range in Asia broadly overlaps with that

of H. halys and that it very common host of H. halys in the eastern
United States (Bakken et al. 2015, Acebes-Doria et al. 2017) that can
support large populations of nymphs and adults (Bergh, personal
observation; Fig. 1). Bakken et al. (2015) used visual inspection of
foliage from the ground to document the presence and seasonal
abundance of H. halys life stages, including egg masses, across a
broad range of native and non-native hosts in the eastern United
States, and showed that tree of heaven was among the hosts that
supported the highest H. halys populations. In the present study,
destructive sampling of felled female tree of heaven revealed that
the preponderance of H. halys eggs masses were recovered from the
mid- and upper canopy, suggesting that ground-based sampling may
underestimate egg mass density.

Of the variables examined in relation to the specific location of
the H. halys egg masses collected, only branch length showed a sig-
nificant positive correlation with egg mass location in both years.
The architecture of tree of heaven is quite different from many of
the other common tree hosts of H. halys, producing foliage primar-
ily near the end of branches, with long sections of branch that are
sparsely foliated (Kowarik and Siumel 2007). Consequently, the
outcomes of these analyses must be interpreted in context of the host
trees in which sampling occurred. Furthermore, variation among
felled trees in the numbers of egg masses collected and a low sample
size overall (58 masses from 20 trees) likely affected the outcome of
correlation analyses of the other variables.

As for H. halys, previous surveillance efforts for T. japonicus
have also occurred primarily at ground level. In the United States,
numerous researchers have detected it using sentinel or naturally laid
H. halys egg masses in the lower canopy of host trees, and captured
it in yellow sticky traps deployed in the lower canopy (Bergh, per-
sonal observation). In Asia, ground-based inspection of foliage for
H. halys egg masses and deployment of sentinel eggs (Zhang et al.
2017) has also yielded T. japonicus. Hoelmer (personal communica-
tion) stated that, ... in my Asia surveys, a large majority (2/3 to 3/4)
of all H. halys egg masses discovered during ground-based searches
were consistently 100% parasitized by T. japonicus. Clearly, T. japon-
icus can locate egg masses within lower strata of host plants, even if
the majority of eggs are deposited higher in trees.” Unlike in its native
Asian range, T. japonicus appears to be in early stages of establish-
ment and spread in many parts of the United States, and new state
records have occurred each year since its initial detection in Maryland.
However, it has not yet been reported from all states where H. halys
is established or from all regions within states where detections have
occurred. Given that it likely remains a relatively rare species in many
locations, our results suggest that sampling for T. japonicus in the
lower tree canopy may affect the likelihood and frequency of its detec-
tion, particularly where its populations are small.

Although few parasitized H. halys egg masses were collected from
felled trees, this is the first report of H. halys biological control in
the United States in which T. japonicus was the predominant species,
based on the percentage of egg masses attacked, and it appears to
be establishing well in Frederick County, VA. For example, a female
tree of heaven that was growing too close to one of the trees used
in the trapping study was felled on 25 June 2017, and inspection of
its foliage revealed seven H. halys egg masses, all of which subse-
quently yielded adults of T. japonicus. The even smaller number of
H. halys egg masses from which native parasitoids emerged permits
only species-level comparisons with previous research. Detection
of Anastatus, Te. podisi, and Tr. brochymenae concurred with the
findings from naturally laid H. halys egg masses collected from for-
est and other habitats (Abram et al. 2017, Dieckhoff et al. 2017,
Jones et al. 2017), although other parasitoids were reported in those
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studies. Across these and the present study, Anastatus was the pre-
dominant native parasitoid. Dieckhoff et al. (2017) found that the
same parasitoid complex attacked both naturally laid and sentinel
H. halys egg masses. Using sentinel egg masses, Herlihy et al. (2016)
and Cornelius et al. (2016) also recovered, among other species,
Anastatus, Te. podisi, and Tr. brochymenae, with Anastatus reduvii
being predominant in the former study.

More research on the biotic and abiotic factors that influence
the foraging ecology of T. japonicus will be required to optimize
the effectiveness and efficiency of sampling tools and protocols.
Many parasitoids have demonstrated niche partitioning. In a
case of spatial niche partitioning, different species of parasitoids
of Mexican Anastrepha Shiner (Diptera: Tephritidae) differed in
their vertical and horizontal distributions in the canopy of fruit
trees (Sivinski et al. 1997). Other parasitoids attack hosts on dif-
ferent plant species at different rates. For example, Okuda and
Yeargan (1988) observed higher levels of pentatomid egg para-
sitization by Te. podisi on alfalfa than hackberry, and the reverse
for Trissolcus euschisti Ashmead. It is unknown whether kairo-
monal cues associated with H. halys egg masses attract T. japoni-
cus from some distance, but Tognon et al. (2016) showed that two
closely related species, Te. podisi and Trissolcus erugatus Johnson,
were attracted to the egg adhesive of Euchistus conspersus Uhler.
Recently, Boyle (2017) demonstrated that female T. japonicus
responded to semiochemical cues left by the tarsi of gravid female
H. halys, perhaps suggesting that the density of H. halys in the tree
canopy may influence where T. japonicus forages most frequently.
Similarly, Trissolcus basalis (Wollaston) exhibited increased
movement speed and turning when exposed to substrate-borne
kairomones from N. viridula (Colazza et al. 2014). Species of
Trissolcus Ashmead are also able to discriminate between cues left
by walking male and female pentatomids, spending significantly
more time on substrates on which females had walked (Peri et al.
2013). Furthermore, feeding (Conti and Colazza 2012) and ovipo-
sition (Colazza et al. 2014) by pentatomids can induce plants to
emit volatiles that attract egg parasitoids. Abiotic factors such as
light intensity, temperature, and relative humidity may be directly
affected by canopy density (Parker 1995) and may also influence
T. japonicus foraging behavior.

Our findings add new insights into the foraging ecology of
H. halys and T. japonicus in arboreal habitats. While the sampling
methods used (i.e., deploying a pulley system and felling trees) may
not be ideal for general adoption, they yielded important informa-
tion that may guide the development of new and efficient methods
to monitor T. japonicus in the canopy of H. halys host trees, toward
documenting its habitat preferences and changes in its geographic
distribution and relative abundance. As one example, Quinn (unpub-
lished data) used yellow sticky traps atop bamboo poles that enabled
trap deployment in the mid-canopy of host trees to show that the
frequency of T. japonicus detections in Frederick County, VA, has
increased markedly since the present studies were completed, boding
well for its potential to impact H. halys populations.
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