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identified the associated environmental factors and the underlying ecological

mechanisms (i.e. climatic tolerances, resource quality and availability).

At corn and soybean field edges, highest density of stink bugs was limited to
the first fewcrop rows. At some study sites, fields adjacent to woods and buildings

harbored higher density of stink bugs than those adjacent to openligueggo arn



kernel damageandsoybeanpod and seed increased with stink bug density, and was
highest at théeld edges. Stink bug density was also positively associated with yield

loss in soybean.

In entire fields of corrsoybeanH. halyswas found in very low density or
absent beyond 25m from the field edge. At study sites with high stink bug
populations, iterpolated density values showgatentialdispersal oH. halys
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of dough stage in corn and beginningsof/bearseeddevelopmenstage.
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populations.
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Preface

This dissertatin contains an overall abstracifroduction, three research
chapters, and a project summarnghamanagement implications. Each research
chapter is presented in a manuscript form; theeefmme of the background and
methods may be repeated. Tables and figures are embedded within each of the
research chapters, as appropriate. A single referentiersis providedat the engfor

literature cited throughout the dissertation.
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Introduction

Spatial context of ecological processes in landscapes

Understanding patterns over space and time is central to ecology and the
assessment of spatial patterns is a fecund paradigeoiogy(Borcard, Legendre,
Avois-Jacquet, & Tuomisto, 2004; Jombart, Dray, & Dufour, 2009; Legendre, 1993)
Biological communities and associated biota interact with the physical environment at
definite spatial and temporal scales resulting in spatial structures (clustered, random
or dispersed). Therefor@assessment and identification of the spatial structures in
populations or communities is an important step toward unraveling the ecological
processes that structure théBorcardet al, 2004; Drayet al, 2012; Jombartt al,

2009; Legendre & Fortin, 1989)

Spatial heterogeneitgénswDutilleul & Legendre, 1993)is vastly important
for the study of populations, commungjeecosystems, and landscafésatier,
Tixier, Duyck, & Lescourret, 2011Environmental conditions, individual species
traits, habitat characteristi¢§scharntke, Steffaewenter, Kruess, & Thies, 2002)
and neutral processéRosindell, Wong, & Etienne, 2008}l cause spatial
heterogeneity in populations and commigsit Species traits such as climatic
tolerances, dispersal abiliffscharntke & Brandl, 2004¥exual attraction by
pheromones, or aggregative behaviors impact population dynamics and species
distributions(Samalens & Rossi, 20119patially correlated patterns of species

distribution and abundance, or of communities, are influenced by environmental and



habitat variables which are also spatially structured. Such an association is generally
referred to as environment induced spateggendenc@lombartet al, 2009;

Legendre, 1993; Wagner & Fortin, 200Besides environmental influences, species
distribution or abuna@nce may also exhibit spatial dependence due to biotic processes
such as dispersal, intrand interspecific interactions and their own population
dynamicsi commonly referred to as pure spatial dependence or spatial
autocorrelatior{Borcardet al, 2004; Drayet al, 2012; Legendre, 1993; Perdsto

& Legendre, 2010)

The spatial structures produced through environment induced spatial
dependence are expected pradwantly to occur at broad spatial scales, while those
arising due to pure spatial dependence / spatial autocorrelation (biotic processes) at
intermediate to small spatial scales. Also, a combination of several processes
occurring at different scales couthd to an observed spatial pattéBorcardet al,

2004; Drayet al, 2012; Jombartt al, 2009; Legence, 1993; Wagner & Fortin,
2005; Wiens, 1989)hereby, testing for spatial pattern and identifying the scale of
occurrence could lead us to the ecological processes structpengs abundan¢g.

Drayet al, 2012)

Empirical studies linking species dispersal, species interactions, and resource
selection to spatial patterns of species distributeamsinform basic and applied
ecology(Taylor, 1984; Tscharntke, Rand, & Bianchi, 2005; Vinatieal., 2011)

Studies thalink ecological processes with observed spatial patterns in the field have

broad implications for managing natural populations (e.qg., effect of habitat



fragmentation on endangered species conservaflatern, Drees, Kleinwachter, &
Assmann, 20079r anthropogenic landscapes such as agricultural ecosystems. For
example, relating crop damage to the spatial distribution oflabgus may indicate
improved methods for controlling pest speciber, 2004; Rodeghiero & Rati,

2000) Dispersal of pest species between crop anecngm habitats is central to

many ecological processes important for managing agricultural ecosystems, and
concepts in spatial ecology are relevant for developing management strategies for

contrdling agricultural pest speci€$scharntkeet al, 2005)

Community structure, species distribution and abundance, and biotic
interactions may depend on habitat characteristics at spatial scales greater than the
local habitat path (Thies, SteffarDewenter, & Tscharntke, 2003; Tscharnétel,

2005) Therefore, a landscapsefisuTurner, 1989perspective considering the areal
extent, spatial arrangement, and connectivity of habitats across different spatial scales
is needed to determine the mechanisms controlling ecological patterns and processes
occurring at the local (i.e., patch) scéBardineret al, 2009; Kareiva, Mullen, &

Sout hwood, 199 go;StadR,&Rower; 2050; PoliR, iArderson, &

Holt, 1997; Thies & Tscharntke, 1999; Tischendorf & Fahrig, 2000; Turner, 1989)
Landscape connectivity is the linkage among habitat patches (e.g., fields) through the
dispersal of the organism of interé@{ith, Gardner, & Turner, 1997yvhich is

mediated by the abundance and configuration of habitats (cukt/pes) in the
landscape (structural connectivity) and by the ability of organisrasdess them
(functional connectivity). Pest insects might require more time and energy to locate

their preferred hosts in diverse landscapes than in simple land¢c&pésR oetal, k e



2010) This may result in increased mortality, acceptance of lower quality hosts, and
less energy available for reproducti@en Belder, Elderson, vaten Brink, &

Schel ling, 2t@02010)SPpariespapuldti@ dynamics are largely
dependent on the spatial arrangement of habitat patches, the interaction between
landscape structure and individual species t(@tsdwin & Fahrig, 2002)and

indirect effects of the landscape (e.g. natural enemy distrihuioiess &

Tscharntke, 1994For instance, landscapes dominated by a single preferred habitat

or crop type allow easy movement between habitats, however even heterogeneous or
apparently fragmented landscapes aremected if species dispersal abilities are
sufficient to colonize neighboring patches or figlargosian, Garrett, Hutchinson,

& With, 2009)

Many factors determine how a species perceives landscape streatiras
- individual respases to spatial heterogeneity of habitats with regards to insect
movement (rate and tortuosity of movement in different habitats, response to edges,
dispersal range), habitat affinities, and assessment of habitat qWétityet al.,
1997) The influence of landscape context differs between species, and communities
constitute species that are differently influenced by the land¢kapeivaet al,
1990; With, 2002Hue to species specific traits. Species dispersatiedihnd
resource specificity determine the magnitude of effect of landscape structure on pest
abundancéDunning, Danielson, & Pulliam, 1992; Tscharntke & Brandl, 2084)
facilitating or impethg movement of organisms among resource patches, landscape
composition and configuration affect dispersal, sdisitk dynamics, neighborhood

effects, and metapopulation dynam{Bainninget al, 1992) Thus, characterizing the

4



spatialheterogeneity in populations of target pest species may help understand the
relationships between landscape structure and spgueesfic responsgdischendorf

& Fahrig, 2000)

Spatial variation in agricultural insect pest populations and th&iragement

Insect population densities typically are spatially heterogengdaeishold,
Rossi, & Kemp, 1993; van Helden, ZD1This heterogeneity is important to
understand predatqrey and predateparasite relationships, intraspecific
competition, and for development of insect pest management strgtagtasold et
al., 1993) Knowledge of the spatial distribution of insect pest abundances directly
informs pest monitoring plannin@aylor, 1986) prediction of abundancékiebhold
et al, 1993) and strategies for pest managen{€ucu, Harrington, Hullé, &
Rounsevell, 2005; Nestalarvalho, & NemnyLavy, 2004) This leads to the
formation of integrated pest management (IPM) systems such-apadidc IPM or
regional/area wide IPM. iKowledge of the spatial pattern of insect pest abundance
and distribution within fields through eéhgrowing season is required for precision
farm management practices and effective insect pest manag@iwent Fleischer,
& Smilowitz, 2002; Winder, Perry, & Holland, 199%or example, management of
insect pests based on localized insect density within a field, rather than uniform
management of insect pests basedwerage densities throughout the field, is the

crux of sitespecific insect pest management (reviewPlayk, Krell, & Carroll, 2007)

Beyond the purview of a single field, and instead of the-tistdield

approach of most traditional control programs, avede pest management is a



strategy aimed at suppressing key pest populations by applying a uniform tactic over
large geographic areas encompassing multiple fiMdscos Kogan, 1998Area

wide or regional pest management strategies have slezt@eslowing the spread of
insect pest§Sharov, Leonard, Liebhold, & Clemens, 2002)ppressing pests to
reducedensitieseloweconomic injury threshold leve{¥argaset al, 2001) and
eradicating insect pests (reviewsBrgwer & Goodell, 2012; Kogan, 199&rea

wide or regional pest management is an option that could be suitable for pests such as
stink bugs as they are tite, have a wide host range, and are distributed through a
large geographic area. Insect pests with these characteristics can escape from single
fields where control measures are applied and colonize othdresiad fieldgPark,
Perring, Farrar, & Gispert, 2006)s part of both sitiespecific and arewide IPM
strategieshowever, frequent scouting and measurement of the spatial variability of
insect pest abundancestiwn a field or across fields in a larger landscape is required.
Spatially explicit distribution maps of pest insects showing witigial/ landscape

level variability of abundance can allow spatially targeted pest management strategies

at field and landsapes scale@Parket al, 2007)

Agricultural landscapes in the United States and economic costs of insect pests

Homogenization of agricultural landscape (i.e., few crops types accounting for
a significant proportions of @vall crop area) can facilitate widespread disease and
pest outbreaks, which can cause widespread economic loss and jeopardize the food
supply(Margosianret al, 2009) Simplification of landscapes through agricultural

intensification and reduction in natural habitats reduces natneahy populations



and may inhibit natural biocontrol services and increase pest pro(Benshi,

Booij, & Tscharntke, 2006; Landis, Gardiner, Werf, & Swinton, 20083t four crop
types (corri 385,933 krfl, soybeari 309,721 krf, wheati 227,258 km, and cotton

i 42116 knf) constitute a third of the total crop area in conterminous USitatés
(NASS- USDA, 2014) Due to the regional concentration of crgparker, 2002and
the accidental introduction of paiial crop pests from other continents into the
United States (42 insect species between 2@ (Work, McCullough, Cavey, &
Komsa, 2005)crop production in the United States is highly vulnerable to disease

and damage by insect pe@t$argosianet al, 2009)

The economic damage and the poteritiafuture damage caused by the
spread of exotic insect crop pests are enormous. Within the United States an
estimated 217,724 metric tonnes of chemicals are used in agricultural lands,
contributing to the $11 billion spent on pesticidesrnandezCorngo, Nehring,
Sinha, Grube, & Vialou, 2009Pespite this, about 37 % of crop yields in the United
States are lost to pegRimentelet al, 1992) with losses and damages due to
invasive insect crop pests estimated at $13$54.4 billion. This loss includes $500
million per annum for control costs of insect pests a(@mmentel, Lach, Zuniga, &
Morrison, 2000; Pimentel, Zuniga, & Morrison, 200Bhas to be noted that these
estimates are derived from years ptmthe adoption of transgenic crop technology
andthe wide use of mphylactic seed treatments that have eliminatiditional
insecticideusein many cropsParker(2002)reported that the United States Dept. of

Agriculture and other government organizations annually spend more than $1 billion



for research, risk assessment, response to outbreaks, qutbeach, education, and

extension.

Throughout the world, stink bugs are major pests of economically important
crops(Panizzi & Slansky, 198%anizzi, 1997)This includes legumes (e.g.
soybean), cereals (e.g. rice and wheat), cotton, tree crops (e.g. citrus, oil palms,
coconut, and cocoa) and coffeed review by Panizzi 1997). In North America,
most phytophagous pentatomid species of economic importance belong to the
subfamily Pentatomae. Of the approximately 40 genera and 180 species in this
subfamily found in North America, only five species are considered serious economic
pestsMcPherson & McPherson, 2000jhey are the southern green stink bug
(SGSB)Nezara viridula(Linnaeus 1758), rice stink bug (RSBgbalus pugnax
(Fabricus 1775), green stink bug (GS&yosternum hilare&Say1832, brown stink
bug (BSB)Euschistus servuy$ay 1832), and one spotted stink bug (OSSB)

Euschistus variolariugPalisot de Beauvois 1837).

Information on the nationwide economic losses due to the stink bugs in the
United States is sparse, but few rgpandicate that in the Southern States,
approximately an economic loss of $73 million due to stink bug damage to soybean
crops alon€Akin et al, 2011) Further Musser & Catchot(2008)reportedthat about
$28.2 million was lost due to stink bug damages to soybean in Mississippi, while the
annual estimated losses in Georgia soybean during 1971 to 1998 ranged from $1
million to $24 million(McPherson & McPherson, 2008)hile stink bugs cause

economic losses in the southern parts of United States, they were not considered



serious pests of crops Mid-Atlantic States until recently. The most common stink

bugs in agricultural fields in Maryland are GSB and BSB, but these stink bugs were
not considered an important pest on corn and soybean and had little economic impact
in the Mid-Atlantic region(CABI, 2014; Leske\et al, 2012; Nielsen, Hamilton, &
Shearer, 2011; Nielsen & Hamilton, 2009bhe recent explosion in populations of

the invasivebrown marmorated stink buglalyomorpha haly¢Stal 1855however,

has led to significant ecological impacts that may increase through time.

Ecological and economic effectstbi invasivestink bug Halyomorpha halys

H. halysis native to Asia with distributions in China, Japa &orea, and
has steadily expanded in population number and distributional samggeits
introduction into the United States near Allentown, PA during late 1@9@sbeke &
Carter, 2003)H. halysis now found in 41 states within conterminous United States.
It is polyphagous and feeds on more th&0 host plants including many fruit and
shade trees, woody ornamentals, legumes, et various vegetables.
Phytophagous stink bug species generally feed on corn and soybean plants, but only a
small percentage of corn or soybean fields in the-Mientic States were affected by
stink bugs prior to the introduction bff halys In recentyearsH. halysabundance
and associated crop damages have steadily increased in the rediatysis now a
serious agricultural pest and nuisance in residential and commercial buildings in

multiple Northeastern and Midtlantic StateCABI, 2014; Leske\et al, 2012)

Invasion by an introduced spies may alter the community composition of

native stink bug communities by increasing the dominance of the invader and



suppressing the abundance of native spéciPsa e h|l er , 2003; Hej da,
2009; Pimenteét al, 2005) An increase in invasive species abundance may alter the
effectiveness of existing management practices of agricultural ecosybteisenet

al., 2011) During the past two yeard, halyswas commonly the most abundant

stink bugspecies in botfruit crops and grain crops in the Matlantic region and

had caused unprecedented damage during 2009 and@ABQ 2014; Leskeet al,

2012; Nielsen & Hamilton, 2009bn particularH. halyswas responsible for

economic losses in apples and pears in NJ &WAlsen & Hamilton, 2009bjand

damage to an estimated 20% of the apples in theAthgahtic region amounting to

economic loss of $37 millio(Leskeyet al, 2012)

The scale and intensity of tie halysoutbreak in the MieAtlantic region has
led to increased research efforts and the formatfidimedd. halysworking group.
Research efforts focused on understandind-thealysinvasion and developing
management strategies have also recently increased. While the working group for the
H. halyshas included the assessment of landscape featuresadsgavith their
abundances as a research priority, empirical studies and surveys at the landscape scale
are lacking. The ability of farmers to manipulate pests suéh halysrequires
knowledge of its distribution within fields and across large larmmssand of how
prevailing environmental factors and regional land use / cover may inhibit or support
pest outbreaké O 6 R oetat.,R@.0) However, there are currently no detailed
assessments of the spatiganporal patterns dfl. halyspopulations within fields or at
landscape scales. Very few studies quantify the stink bug related damage and yield

loss in field cropgOwens, Herbert, Dively, Reisig, & Kuhar, 2018)ther than
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climate related distributional ran@g®lusolin, 2007)and predictive distibution
models(Zhu, Bu, Ga, & Liu, 2012) detailed assessment on spatial structures in stink
bug populations across large study area and the underlying ecological process, are

currently not available.

The effect of landscape configuration and composition on the spread or
containnent of exotic pestmforms how spatial patterns of resource distributions
affect the various stages of the invasion pro¢@éth, 2002)and suctan
understanding of the landscape influences on pest invasion is important for
developing effetive management strategiéherefore, an assessment of the spatial
distribution and influence of resources and other landscape features on the
populations of exotic pests may aid prediction and management of the spread of
invasive species. Examining theveonmental and landscape influenced-brhalys

populations at different spatial scales, can inform pest management decisions.

Research objectives and dissertation format

The main goals of my research were to (1) characterize the spatial
heterogeneity fostink bug pest population dynamics in field crops, at multiple spatial
scales (i.e. field edge, entire fields and regional landscape), (2) identify the
environmental factors, potential underlying mechanisms (i.e. climatic tolerances,
resource quality anavailability), and their spatial scale of influence on stink bug
population dynamics, and (3) inform field level and am@e management of stink

bug pests in field crops.
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My first chapter characterized the density of stink bugs irfi¢teeedges of
(0- 15m from field edge) field corn and soybean at different study sites. Specifically, |
examined the influence of adjacent managed and natural habitats, and buildings on
the density of stink bugs at different distances from the edge of corn and soybean
fields. | also quatified the damage to corn graspybearpods andeed and yield in
relation to the observed stink bug densities, at different distances from field edge.
Thereby, this chapter related the pattern of stink bug density at field edge toghe ¢
damages. Results from this chapter have implications for stink bug pest management
strategies in the form of crop placement and suggestions on spatially targeted timing

and intensity of pest treatment solutions.

In the second chapter, | characteritiegel density of stink bugsiroughouthe
entire fields of adjacent corn and soybean, and broadly examined the role of adjacent
corn as a source of stink bugs that invade soybean. Specifically, | determined the
influence of crop phenology on stink bug déysind compared stink bug age class
structure at various phenological stages of corn and soybean crops. As this was
spatially explicit, | was able to document the spatial heterogeneity in stink bug
density, through the growing season, across fields wjdtedt corn and soybean.
Finally, | comparedhe density of stink bugs in corn adjacent soybean field edges
between sites with high and low overall stink lgmsity Results from this chapter
could provide inputs foretisions on planting date and origrda of fields in the
landscape, anknplications fortiming and intensity of pest management treatments

particularly at the interface of corn and soybean crops.
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My third research chapter determined the environmental and-scalt
landscape factors thetfluenced spatial structures in stink bug abundaacesss
mid-Atlantic region | also tested several hypotheses to identify ecological
mechanisms that structured stink bug populations at multiple spatial scales.
Specifically, | examined the scad¢whch the abundance of stink bug species in the
mid-Atlantic region were structured; the environmental and rsakie landscape
factors that were associated with stink bug abundance; and at which spatial scales
they influenced stink bug abundance. Resutimfthis chapter have implications for
field level and areavide management of stink bug pests. Finally, | summarized the
results from the three chapters and discussed the various strategies for managing stink

bugs in field crops of the midtlantic region
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Chapter 1: Adjacent habitat influence on stink bug (Hemiptera: Pentatomidae)

populations, and associated damage inflicted at field corn and soybean edges

Introduction

Agricultural systems are components within a heterogeneous landscape that
stronglyconnect to and interact with the surrounding environr{idestelet al,
2004) The movement of insects between natural and agricultursbament has
important implications for agricultural ecosystem functioniiBgbom, Erwin, &
Robert, 200Q)The movement of pest insects to seasonal crop resources can be non
random and directional as pest species move in groups and settle in a contiguous
manner over spadstinner, Barfield, Stimac, & Dohse, 1983his movement might
result in the insect pest immigrating into the agrioathabitatsn an aggregated
manner in certain areas within the fi¢hlestelet al, 2004) However, species
specific characteristics g influence the observed pest populations within
agricultural habitats, and may cause different distribution patterns across other
habitats into crops. For e.aggregations may occur along the field edges for some

pest species immigrating between habitat

The seasonal availability and suitability of source and recipient habitats in
relation to the life stages of the mobile, polyphagous insect pest influence the
dispersal dynamics of pests from sources to recipient hafittdtomet al, 2000;
Kennedy & Margolies, 1985; Kennedy & Storer, 2Q0Mhus the knowledge about

insect pest immigration and settlement within the field, with reference to Isabitat
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adjacent to crops, can be used to effectively predict infestation risk of insect pests

prior to their colonization and subsequent population incr@destelet al, 2004)

Stink bugs in the family Pentatomidae are major pests of economically
important cropgPanizzi, 1997ylobally, and considered important pestsaybean
Glycinemax(L.) Merr. producing areas of the wor{Banizzi & Slansky, 1985)

While stink bugs cause economic losses in the southern parts of United States, they
were not considered serious pests of crops inAtlahtic region until recently. The

most common stink bugs in agricultuf@lds in the midAtlantic areChinavia hilaris

(Say 1832) an&uschistus servu$ay 1832), but these species have had little
economic impact in the regiqiielsenet al, 2011) The recent explosion in

populaions of the invasive brown marmorated stink bdglyomorpha haly¢Stal

1855) however, has led to significant economic and ecological impacts.

Sinceits accidental introduction and discovery near Allentown, Pennsylvania,
USA, H. halyshas been detectéa 41 states, and local populations and detections
from Europe (Switzerland, France, Canada, Germany, Italy and Liechtenstein) have
also been reportgCABI, 2014). This polyphagous stink bug has a wide range of
host plants including tree fruits, vegetables, field crops, ornamental plantstased n
vegetation in its native and invaded ranges. Since 2010, serious crop losses have been
reported for apples, peaches, sweet corn, peppers, tomatoes and row crops such as
field corn and soybeans in the rmdlantic regior{Leskeyet al, 2012) H. halysis
also a nuisance pest in humametlings. In this context, information on the buildup

and movement of stink bugs into crops adjacent to managed and natural habitats and
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the associated crop damage has direct implicationatEgratedpest management.

The dispersal and movement of vaiscstink bug species between crops and
other habitats has been addressed by many studies in the context of dispersal between
habitats, adjacent habitat influences on populations in field edges and associated crop
damaggToscano & Stern, 1976; Jones & Sullivan, 198Rfward, Sorenson, &

Bradley, 2008; Tillman, Northfield, Mizell, & Riddle, 2009; Toews & Shurley, 2009;
Pease & Zalom, 2010; Redgpnes, 2010; Reeves, Greene, Réayes, Toews, &
Gerard, 2010; Reisig, 2011; Herbert & Toews, 2011; Olson, Ruberson, Egiléag
Andow, 2011; Tillman, 2011 However, these studies mainly pertain to stink bug
communities in crops of southern U.S. and currently only anecdotal reports éf.high
halysabundance in the edges of fields adjacent to woo(lletskeyet al, 2012)are
available. Many stink bug spesieause significant seed quality and yield losses in
field cornZea may4.. and soybeafReisig, 2011Brier & Rogers, 1991; Corréa
Ferreira & De Azevedo, 2002; Daugheetyal, 1964; McPherson, Douce, & Hudson,
1993; McPherson, Newsom, & Farthing, 1979¢ehal, 2010; Todd & Turnipseed,
1974) and stink bugs are also associated with the transmission of bacteria, fungi and
other diseaselarke & Wilde, 1971; Medranet al, 2009; Mitchell, 2004)

However, very few studies quantify field crop damage in relation to abundance of
stink bug in the midAtlantic region(Owenset al, 2013). Soybean i®ne of the
preferred hostfor H. halys(Hoebeke & Carter, 2003and both field corn and
soybean constitute a velnygh proportion of overall crop area in the rfitdantic

region and throughout the U®ASS- USDA, 2014) Research efforts aimed at

determining the role of adjacent habitat in influencing stink bug dispersal, population
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density and pattern of settlement into crops, hence, are indispensible for developing

control and management strategieslohaysin row crops.

In this study | a) documented the species composition and vligthin
distribution of stink bugs in field corn and soybean; b) examined the influence of
adjacent managed and natural habitats, and buildings on the density of stirknolugs;
c) related stink bug density to seed quality in field corn and soybean, and pod
development and yield in soybean. | expecttethalysto be the most abundant stink
bug in my study based on previous reports of stink species compositior+in mid
Atlantic row crops(Nielsenet al, 2011) | predicted higkr densityof stink bugs
along woods and buildingban open areass they provide host plants and ever
wintering refuggLee, Short, Joseph, Bergh, & Leskey, 2013)sopredicted high
densityof stink bugs at the field edgesducing with distance into the field interior as

observed by anecdotal reports Fbrhalys(Leskeyet al, 2012)

Methods

Field selection & stink bug sampling strategy

The study was conducted at the USB@ltsville AgriculturalResearch
Center aBeltsville, MD and University of Marylad Research and Education Center
facilities at Beltsville, Clarksville and
row spacing) and full season soybean (706 r
perimeter directly adjacent to wooded areas ¢kh@arth woods), buildings (buildings,

houses and barns; henceforth buildings), mixed crops (alfalfa, sorghum, and
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vegetable crops) and open, renop areas (henceforth open) were selected for
sampling in 2012 and 2013. Corn fields were chosen as one adjeent habitat

typesin lieu of mixed crops for several soybean fields. In each fitakel sampling

layout included 4 transects, each with 8 sampling plots for a total of 32 samples. The
samplingplotsalong four transects spac2dm apart were markeat distances O,
15,3,45,6,9, 12, and 15 m from the edge to field interior. Stink bugs were
enumerated at each samplplgt by carefully examining 10 consecutive corn plants
and later converted to densities, or all plants within a semicircular B0z m

radius (1.57 rf) in soybean.

Visual counts wereonverted to densities anecorded for stink bug adults,
nymphs, and egg massestbfhalys E. servusC. hilaris, Murgantia histronica
(Hahn 1834), andhyanta custato(Fabricius 1803)For corn,details on the planting
density were used to calculate the length of 10 consecutive plants and were multiplied
by the row distance to derive area sampkeelds were repeatedly sampled weekly,
between mid July mid August in field corn and mid Augustate September in
soybean. Sampling coincided with the kernel development stages of ceRb(R2
blisteri dent;Hanway, 1963and the seed development stages of soybeaiR{R4
full pod to physiological maturitfFehr, Caviness, Burmood, & Pennington, 1971)
which are associated with higth hdys and other stink bug species dengitgskey
et al.,, 2012; Nielseret al, 2011; Schumann & Todd, 198Z)etails on the number of
corn and soybean field edges with different adjacent habitats, and the sampling dates

during 2012 and 2013 are provided in Table 1.1. A total of 4835 field corn pld2s in 3
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fields, and 2968 soybean plots in 26 fields across all sites were sampled for stink bugs

during 2012 and 2013.

Assessing seed quality in field corn and soybean

To relate stink bug density to ear damage in corn, eight fields adjacent to
different adjacenhabitats were selected, which had the highest observed counts of
stink bugs in 2013. Of these fields, 3, 3, 1 and 1 were adjacent to woods, buildings,
mixed crops and open areas, respectively. In each field, 10 consecutive corn ears were
collected at edtsamplingplot prior to harvest maturity and stored in cloth bags for
drying. Planting details of the fields used for assessing corn damage are provided in
Tablel.2 For each ear, the following data were recorded: 1) number of kernels
damaged by stink lgys (identified by a characteristic puncture scar typically
surrounded by a discolored cloudy marki@)number of collapsed kernels due to
stink bug damage (this type of damage was carefully examined to distinguish between
kernels damaged by stink buggsd dusky sap beetlgSarcophilus lugubrigMurray);

3) number of kernel rows around the ear; 4) length of one kernel row (mm); and 5)
average width of individual kernels (mm). With the individual ear measurements, the
total number of kernelwas derivedy dividing the kernel row length by the width of

a kernel times the number of rows. Data were then summed across all ten ears and
stink bug damage was expressed as the percentage of damaged and collapsed kernels
in relation to total number of kernels E@ample. A total of 2326 ears of corn from

252 samplingplotsacross 8 fields were assessed for stink bug damage.
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To relate stink bug density to pod development prior to harvest, samples of 10
consecutive plants at each sampling site across transecteofssgybean fields in
20122013 were examineid situto count the total numbers of pods with 3 or more
seeds (full pods), pods with less than 3 seeds, and flat, immature pods (flat pods). For
standardization, the proportions for each pod type were ctduiar each sample.

Pod quality data were collected from 64 plots in 2 fields adjacent to woods at
Keedysville.Planting details for the fields used for assessing soybsznilamage

are provided in Table 1.2f the seven fields sampled feged qualitylata, two

fields were adjacent to buildings and five fields were adjacent to woods, and all had
the highest counts of stink bugs observed in each @eae fields reached full
senescence and were ready for harvest, twenty plants from each samplings#e ac
all transects of thé fields were collected, stored in mesh bags, and allowed further
drying for optimum thrashing. Seeds were removed from pods for each sample by a
stationary motodriven thrasher. Dirt, chaff, or ethrashed pods were removed, and

the remaining seed samples were then weighed to measure yield.

To assess seed quality, subsamples of3Wseeds were removed from each
sample, counted, and weighed to calculate test weight (expressed as the weight per
100 seeds). Seed samples in 2@&2e sieved to remove smaller, immature seed
(<0.3 cm), whereas these smaller seeds were not removed from subsamples in 2013.
In both years, seeds were individually examined and categorized into six groups as
follows: 1) stink bug damaged seed, distingagby a puncture scar and often
surrounded by a discolored cloudy area; 2) moldy seed, characterized by having

milky white or grayish crusty growth on surface, sometimes with cracks and fissures;
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3) shriveled seed that appeared wrinkled and often undeygiypurple seed

recognized as purple or pink areas on the seed coat due to the@angaspora

kikuchii Matsumoto & Tomoy 1929V alters, 1980)5) green seed showing

discolored green tissue in cross section, rather than the normal yellow; and 6) normal,
undamaged seed. To standardize across samples, the percentage of seeds in each
category in relation to thetal number of seeds were calculated. Due to differences

in the size grading protocol between years, there were minor differences in the
proportions of seeds in each category. Soybean seed quality data were collected for a

total of 154 samplinglotsfrom 6 fields in 2012 and 2013.

Statistical Analyses

Adjacent habitat and distance from edge influences

The influences of adjacent habitat and distance from field edge on the density
and distribution of stink bugs were analyzed by Generalized Linear MixektIs]
(GLMMSs) based on Laplace approximation, with a Poidsgnormal error
distribution and log link functiofBolker et al, 2009) All analyses were performed
with fields as replicates and transects within fields as subsamples. For corn and
soybean data, analyses were performed on 3 separate datdisgtiak bug stages
combined, nymphs only, and adults only. For each of these datasets, GLMMs were
performed orthe data pooled across species, years and study sites, and on data from
each study site pooled across yekech sampling point along transect at a field edge
was treated as a random factor to control for repeated measu(@inéeiro &

Bates, 200Q)adjacent habitat, distance from edge, and their interaction were the
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fixed effects, and stink bug density was the response variable. For the overall data

models, study site and year were also treated as random effects.

Model building and selkction procedures for the mixed effects modeling
followed the procedures used @uur, leno, Walker, Saveliev, & Smith, 2009)
First, several candidate models, each with different rarefteuts but identical fixed
effects, were tested to choose the optimal random effect model using a combination
of AIC and BIC values for selection criteria. For all optimum fixed effect models, an
initial full model analysis including individual and inteteve effects of adjacent
habitat (4 levels woods, buildings, mix crop / corn and open) and distance from edge
(8 levels- 0-15m) was performed. The significance of the fixed effects was
determined by Wald?tests. If a significant interaction was fouthe&n model
estimated means were compared between all levels of adjacent habitat at each
distance from the field edge, with a Bonferroni correction. If there was no significant
interaction, then adjacent habitat and distance from edge were independeihs us
fixed effects and podtioc modelestimated means comparisons were performed using
Tukeybds HSD. Model s were evaluated for
overdispersion and correlations among random effect terms, and by visualizing

variance in a locatiorscale plot with superimposed loesgBblker et al,, 2009)
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Table 1.1. Details on field corn and soybean field edgvith different adjacent habitats sampled for stink bugs and the sampling
occasions at each field in Maryland, USA during 2Q023.

Crop Year | Site Adjacent habitats (number of field edges) Sampling dates (frequency)
Beltsville woods (4) buildings(3), mix crops (1), open (4) | 10 Julyi 15 Aug (7i 10 days)
2012
Clarksville | woods (1) buildings(1), mix crops (3) 10 Julyi 15 Aug (7 days)
E'g:g Clarksville | woods (3)buildings(2), mix crops (3), open (2) | 18 Julyi 22 Aug (7 days)
2013 | Keedysville | woods (1)buildings(1), mix crops (1), open (2) | 16 Julyi 20 Aug (7 days)
Overall woods (9) buildings(7), mix crops (8), open (8) | 10 Julyi 22 Aug (7- 10 days)
Beltsville woods (2) buildings(3), corn (1), open (2) 23 Augi 20 Sept (7 10 days)
2012
Keedysville | woods (2)buildings(1), corn (1), open (1) 30Augi 26 Sept (7- 10 days)
Beltsville woods (1) buildings(1), corn (1), open (1) 13Augi 06 Sept (7 days)
Soybean
Clarksville | buildings(1), corn (1), open (1) 16 Augi 12 Sept 6 - 7 days)
2013
Keedysville | woods (2)buildings(2), corn (1), open (1) 15Augi 18 Sept b - 7 days)
Overall woods (7)buildings(8), corn (5), open (6) 13 Augi 26 Sept (5 10 days)
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Table 1.2. Details on thdield corn and soybean fields used for analyzing grain and

seed damage in Maryland, USA during 221 3.

Crop Year | Site Field | Variety Planting Density
ID Date / acre
Field 2013 | Clarksville | Cornl | Pioneer 1319HR | 2-May-13 26000
Corn Corn2 | DK6121 15May-13 | 26000
Corn3 | Pioneer 1319HR | 2-May-13 26000
Corn4 | Pioneer 1319HR | 2-May-13 26000
Corn5 | DK6121 16-May-13 | 26000
Corn6 | NK74R3000GT | 16-May-13 | 26000
Keedysville| Corn7 | Doebler 633HXR | 23-Apr-13 | 26000
Corn8 | Doebler 633HXR | 23-Apr-13 | 26000
Soybean| 2012 | Beltsville | Soyl | Asgrow 3030 11-May-12 | 155555
Soy2 | Asgrow 3030 11-May-12 | 155555
Keedysville| Soy3 | Doebler 633HXR | 26-May-12 | 180000
Soy4 | Doebler 633HXR | 4-Junl12 180000
Soy5 | Doebler 633HXR | 4-Junl12 180000
2013 Soy6 | Seed Consultants| 22-May-13 | 180000
SCS9360RR
Soy7 | Doebler 633HXR | 27-May-13 | 180000

24




Relating stink bug density and seed damage

Influences of stink bug density on damage to corn kernels were assessed using
generalized linear models (GLMs) with poisson or cpassson gor distribution
and log link function(Ver Hoef & Boveng, 2007)Percentagef collapsed and stink
bug damaged seeds were used as response variables and mean stink bug density at
distance from the edge as the explanatory variable. Mean stink bug deosity
significant results, the coefficient of determination was calculatedebgM | k er ke 6 s

pseuddR? statistic(Nagelkerke, 1991)

Linear regression was used to assess the influence of stink bug density on
soybean pod development. To meet normality assumptions, response variable was
square root transformed prior to analysis. Influence of stink bug density on soybean
seed quality was assessed by linear mixed models (LMMs) with year as a random
effect to account for minor differences in grading seed size protocols. LMMs were
performed taelate stink bug density to the percentage of seeds in each category of
seed quality. Influence of stink bug density on soybean yield was assessed by LMMs
with field as a random effect to account for differences in soybean variety and other
field conditiors between sites. Data were log or square root transformed to meet
normality requirements and the significance of the fixed effect was determined by
Wald ttests. Diagnostic plots of the models visualizing wiipiaup residuals
(standardized residuals vigdd values, normal € plots, and histograms of
residuals) and estimated random effects (norm& @Qlots and pairscatter plot

matrix) were used to assess model appropriateness. The coefficient of determination

for the LMMs, based on the likelihogdi o t est |, were calcul ated
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pseuddR? statistic(Nagelkerke, 1991)Patterns in damage to corn kernels, soybean
pods and seeds at different distances from edge, juxtaposed to stink bug demsity
visualized by plotting average values of damage and stink bugs aggregated by

distance.

All statistical analyses were performed in R prog(&Development Core
Team, 2011and associated statistical packages. GLMMs were performed with
package Ime4{Bates, Maechler, Bolker, & Walker, 201&)d LMMs with package
nime (Pinheiroet al, 2013) Multiple comparisons of means for GLMMs were
computed withR packages contra@iKuhn, Weston, Wing, & Thaler, 201and
multcomp(Hothorn, Bretz, Westfall, Heiberger, & Schuetzenmeister, 20@BMMs
andLMMs estimated coefficients were extracted and plotted using package effects
(Foxet al, 2013) Coeficient of determination (pseudd)Ror the GLM was
calculated with package rnidarrell, 2013) and with package MuMit Bar t o &,

2013)for LMMs.

Results

Species Composition and density

A total of 9440 individuals (66% nymphs; 34% adults) of four phytophagous
stink bug specied(servusH. halys C. hilaris, andM. histrionicg were recaded in
field corn, of whichH. halysaccounted for 97% of the total. Species composition
varied among study sites and crop systefndialyscomprised 57% of the sampled

populations in corn at Beltsville, followed By servug35%), whereasl. halys

26



accainted for ~97% of all stink bugs at Clarksville and Keedysville. In soybean, a
total of 9867 individuals (68% nymphs; 32% adults) of five phytophagous stink bug
speciesk. servus, H. halys, C. hilaris, M. histrionic, T. custatoere recorded, of
which H. halysaccounted for 93% of the totéd. halyscomprised 8385% of the

stink bug numbers in soybean at Beltsville, while greater than 92%Hvéraysat
Clarksville and Keedysville. Results obtained from the statistical analyses hence
pertained mainlyo patterns oH. halysdensity, since this species constituted ~95%

of all observed stink bugs in both field corn and soybean.
Influences of adjacent habitat and distance from field edge
Field corn

For the analysis of overall stink bug data from fieddncedges, the random
effects used for the GLMM included the field, study site and year (Table 1.3). Results
showed significant interactive influences of adjacent habitat and distance from edge
on stink bug density (Wald?= 399.2, df = 21P < 0.001). Mutiple comparison of
means between adjacent habitats at each distance showed that density of stink bugs
was significantly higher along woods compared to density in fields next to mixed
crops and open areas at various distances (Figure 1.1A). Density alodg and
buildings was not significantly different, although mean numbers of stink bugs were
consistently higher along woods. Density at 15 m from field edge was not
significantly different among adjacent habit&gnificant interactive influences of
adjacent habitat and distance from edge on stink bug demagybservetbr the

Clarksville and Keedysville data (Watd= 43.9, df = 21P = 0.002 and Wald?*=
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56.7, df = 21P < 0.001, respectively) but not for Beltsville data (Wefd 0.15, df =

18,P =0.9).

Multiple comparisons of means of stink bug density at Clarksville showed
similar trends to the results of analyses of data pooled over all study sites, with
density along woods higher than that of mixed crops and open areas at various
distances (F§ 1.1B).However, stink bug density along woods at Keedysville was not
significantly different from density at sites adjacent to mixed crops (Fig 1.1C). Also,
corn fields at this study site had surprisingly higher stink bug density along the
outside rowg0 m) adjacent to mixed crops than levels along outside rows next to
woods. At Beltsville, where overall stink bug density was significantly lower in corn
fields, adjacent habitat did not significantly influence density (W&d0.21, df = 3,

P =0.917);thus, multiple comparisons were not performed.
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Table 1.3. Summary of models used for selecting the optimal random effect in
generalized linear mixed models prior to analyzing fixed effects for stink abundance
in field cornand soybean edges. For each model, the fixed effects of adjacent habitat
and distance from field edge remained constant. Based on the combination of Akaike
Information Criteria (AIC) and the Bayesian information criteria (BIC) values

received by each modehe best model (in bold) was chosen as the optimal random

effect.

Crop Random effect terms df | AIC BIC

Corn No random effect 33 | 25184.19 |25394.15
1| Year 33 |19168.79 | 19378.99
1| Site 33 | 16586.12 | 16796.33
1| Field 33 | 15316.72 | 15526.92
Year | $te 35 | 16560.91 | 16783.85
1| Field + 1| Site 34 | 15278.99 | 15495.56
1| Site +1]| Year 34 | 16565.34 |16781.91
1| Field + 1] Site + 1 | Year | 35 | 15280.99 | 15503.93

Soybean | No random effect 33 | 17795.803 | 17993.3
1| Year 33 | 12833.196 | 13031.05
1| Site 33 | 11755.366 | 11953.22
1| Field 33 | 9604.958 | 9802.814
Year | Site 35 | 18391.976 | 18601.82
1| Field + 1] Site 34 | 9602.584 | 9806.436
1| Site +1]| Year 34 | 11309.068 | 11512.92
1| Field + ]| Site + 1 | Year | 35 | 9600.673 | 9810.521
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Soybean

The GLMM analwis of overall stink bug data treated field as the only
random effect and showed significant interactive influences of adjacent habitat and
distance on stink bug density (Waltk 49.1, df = 21P < 0.001; Table 1.3). Multiple
comparisons of means showthat density of stink bugseresignificantly higher at
all distances from field edges along woods compared to density in fields next to open
area habitats (Fig. 1.2A). Stink bug numbers along woods were also consistently
higher than levels observed atidiedges next to buildings and corn fields, but
differences were not significant at all distances from field edges. Pooled over all
habitat types, the highest density of stink bugs was recorded at the immediate field

edge and declined considerably by 9md svas lowest at 15 m.

GLMMs performed by study site on overall stink bug data showed significant
interactive influence of adjacent habitat and distance from edge on density at
Keedysville (Waldc?= 47.8, df = 21P < 0.001), but not at Clarksville (Wattf= 9.2,
df = 14,P = 0.818) and Beltsville (Wald’= 26.6, df = 21P = 0.315).Multiple
means comparisons for Keedysville data showed significantly higher density at all
distances from edge along woods and at distances up to 9 m along corn fields
compaed to levels next to open areas (Fig. 1.2B). Stink bug numbers were generally
higher in soybean fields next to corn, though not statistically significant levels next to
woods. Separate GLMMs testing the main effects of adjacent habitat and distance

from field edge showed that stink bugs were significant more abundant in Beltsville

30



fields bordering woods and buildings that in fields next to corn and open habitats
(Fig. 1.3A).

Pooled over all adjacent habitats, density at Beltsville was significantly higher
along the immediate field edge compared to sample sites farther away from the edge
where stink bug numbers were similar betweetdb9n (Fig 1.3B). Separate analysis
of the Clarksville data showed a greater influence of buildings and corn fields on
stink bug density compared to adjacent open habitats, though no edges of soybean
fields next to woods were sampled at this study site (Fig. 1.3C). The gradient of stink
bug density at Clarksville from the field edge showed similar patterns observed at
Beltsville, with significantly higher numbers at the immediate edge, lower but similar
levels between-45 m, and then declining further to 50 m (Fig. 1.3D).

The results of analyses performed on data sets of nymphs and adult stink bugs
in both corn and soybean edgesre broadly similar to that of the overall stink bug
results presented above. Since the pattern observed in adult and nymph data sets were

similar to that of the overall dataset, these results have not been presented here.
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Figure 1.1. Mean stink bug density in field corn in relation to different adjacent
habitats and distance from the field edge. Estimates derived from ptgsammal
GLMMs are plotted for overall stink bug data pooled over all study sites (A),
Clarksville (B) and, Keedysville (C). Values presented here have been reconverted
from their original link function estimated model coefficients. Vertical lines represent
upper and lower 95% confidence intervals, hence not symmetrical around the
estimated mean®lean densities within each distance interval with the same letter

above them are not statistically differ¢nty = 0. 05) .
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Figure 1.2. Mean stink bug density in soybean field edges in relation to different
adjacent habitats and distance from field edge. Estimates derived from poisson
lognormal GLMMs are plotted for overall stink bdgta pooled oveall study sites

(A), and Keedysville (B). Values presented here have been reconverted from its
original link function estimated model coefficients. Vertical lines represent upper and
lower 95% confidence intervals, herare@not symmetricbaround the estimated
meansMean densities within each distance interval with the same letter above them

are not statistically different (U = 0.
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Figure 1.3. Mean stink bug density in soybean field edges in relation to adjacent habitats and distance from fiBlata figen
Beltsville and Clarksville are depicted inagphs AB and GD, respectfully Estimates were derived from poisslognormal GLMMs
and the values presented here have been reconverted from its original link function estimated model coefficientsn&ertical li
represent upper and lower 95% confidemterivals, hence not symmetrical around the estimated mdaas. densities with the

same letter abovethemir e not statisticdlukeydisf HSDent (U = 0.05
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Corn and soybean seed damage

For field corn, results from the qugsdisson GLM showed a significant
positive association between % stink bug damaged kernels and mean stink bug
density (y = 0.3 + 0.15x, n = 2522 < 0.001, pseudo &= 0.47). A poisson GLM
showed that the % collapsed kernels was not significantly associated with mean stink
bug density (y = 6.75 + 0.14x, n = 252 = 0.50, pseudo &= 0.17). For soybean
pod development data,geession analysis revealed that the % full pods was
negatively influenced by mean stink bug density (y =®R9.7x, n = 63P <0.001,

R? = 0.51), while % flat pods (square root) was positively influenced (y = 2.18 +
0.26x, n = 63P <0.001, B = 0.63). Results of LMMs analyzing each seed quality
category (Tabléd..4) showed a significant positive association between mean stink
bug density and purple stained seeds (y = 1B09x), % stink bug damaged seeds
(y = 3.41 + 0.07x), % immature, shriveled anddyseedgy = 2.59 + 0.09x), and

overall % of damaged seeds (y = 4.78 + 0.18x).

A significant negative relationship was observed between stink bug density
and overall % normal, undamaged soybean seeds (y ¥ 2518x), and yield (y =
17.1- 0.2x). Theoverall seed damage by stink bugs in both corn and soybean, and
their impact on soybean pod development, were highest at immediate field edges and
declined gradually towards the field interior (Fig. 1.4). Furthermore, soybean yields
were lowest at the imadiate field edge, gradually increasing inward into the field

and with highest yields at 12 a8 m from the edge (Fig. 1.4B).
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Table 1.4. Statistical results of LMMs for analyzing the relationship between stink bug densigoals soybean seed damage
categories and yield.

Dependent Data Intercept Intercept | Estimate | SE | DF | Wald | Pval psuedo
variable Transformation SE t R2
% normal seeds None 75.8 8.04 -2.11 0.25 | 145 |-8.28 | <0.001| 0.30
% stink bug Square Root 3.41 0.5 0.07 0.01 | 145 |4.58 |<0.001|0.12
damaged seeds

% purple log 1.39 0.14 0.09 0.01 | 145 |9.99 |<0.001|0.44
damaged seeds

% moldy + Square Root 2.59 0.47 0.09 0.02 | 148 |5.87 |<0.001|0.19
shriveled +

immature seeds

% all damaged | Square Root 4.78 0.63 0.18 0.02 | 145 |9.03 |<0.001|0.35
seeds

Total Yield Square Root 17.1 1.04 -0.20 0.04 | 140 |-4.67 | <0.001|0.13
(grams /20

plants)
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Figure 1.4. Patterns of kernel damage in field corn (A), soybean yield (B), soybean seed damage by category (C),aanpasbybe
development (D) in relation to mean stink bug density at different distance from field éageroportios of soybean seeds in each
seed quality categor(gtink bug damage, purpledamagegdand normakeed}$ and podypes(flat and full) are alsprovided.The
dashed lines represent mean stink bug abundapcesented by the second y axis
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Discussion

This study addressed the influence of adjacent habitats on stink bug density
and quantified differences in densityvarious distances from the field edges in
soybean and cortrops. Results showed that adjacent habitats, particularly woods,
influencedthe abundancef H. halysand other stink bugs. In both row crops, fields
adjoining woods, pooled over all study sitexl distances from field edge,
consistently harbored significantly higher numbers of stink bugs than in fields
adjacent to open area habitats. Also, stink bug density along woods was consistently
higher than in fields next to buildings, mixed crops, eowh fields at various
distances, albeit not statistically significant in all cases. These results suggest that
wooded habitats play an important role in supporting stink bug populations that

colonize crops.

Given the timing of infestations during midlage July in corn, and then later
colonization of soybean fields in August, the majorityHohalysadults were
offspring of the first generation which occurred on earlier host plantsalysis
known to feed on a wide range of cultivated and wild h@gigo 170 species)
(BMSB IPM Working Group & Northeastern IPM Center, 2QX#)which many tree
and shrub species were probably present in the wooded habitats. Particularly high
density ofH. halyswas obsered in soybean fields bordering woods with tree of
heaven Ailanthus altissim&wingle), princess tre@aulowniatomentosadaill.), and
black cherry PrunusserotinaEhrhart), all which support high population densities of

reproducingH. halys(BMSB IPM Working Group & Northeastern IPM Center,
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2013 Nielsen & Hamilton, 2009a)The role of wild plant hosts in influencing higher
stink bugdensity has beereported byJones & Sullivan, 1982yho found highC.
hilaris populations in soybean adjacent to wooded borders with black cherry, and
elderberry $ambucus canadendis. Similarly, cotton fields with adjacent woods
containing many oak specie@yercussp) and black cherry supported higher

densgties of E. servugReayJones, 2010)

My results present strong evidence tHahalysdensity exibits a clear edge
effect in both field corn and soybean. Across all adjacent habitats, denidityhalfys
and other stink bugs was highest within the first few meters from the e@ye)(0
gradually dropped to 9 m from the edge, and then reached |@vets between-25
m. The strong edge effect exhibitedHyhalysis similar to the withirfield
infestation pattern reported for other native stink bug species in U.S.(Begpse &
Zalom, 2010; Reayones, 2010; Reevesal, 2010; Tillmanret al, 2009; Tillman,

2011; Tillman, 2010; Toscano & Stern, 1976)

Overall stink bug density and peaitns of infestation in corn and soybean field
edges differed among study sites and was influenced by other adjacent habitats. Stink
bug density in both row crops at Keedysville was consistent¥s (8dnes) greater
than the mean density at the other stwady sites, and this was attributed to the
higher populations dfl. halysobserved in Western Maryland at this site over the past
four years. Other adjacent habitats besides wooded areas, particularly bordering areas
with buildings and other crops, servasisources of colonizing adults in row crops.

H. halysutilize buildings as overwintering sites and thus these managed structures
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would more likely influence stink bug populations earlier in the spring when post
diapuase adults are moving to host plaAtKeedysville, stink bug density was
higher inalfalfa adjacentorn andsoybean fieldadjacento corn than in fields
adjacent to buildingddoweverat Clarksville and Beltsville, adjacent crops had a

lesselinfluence on stink bugbundancéhan buildngs.

These results highlight the role of other adjacent cultivated crops as sources of
stink bug density and agree with other studies. Adjacent fields of alfalfa, field corn
and other cultivated borders has been reported as a sources contributingrto highe
densities of stink bugs in tomato, cotton, sorghum and peanut (iRdevest al,

2010; Tillman, 2011; Toews & Shurley, 2009;stano & Stern, 1976However,
differences in the relative influence of adjacent habitats in this study could be related
to differingoverallstink bug populatiomlensitiesamong study sites. For example,
adjacent habitats did not significantly influerstank bug density in field corn at
Beltsville whereH. halyspopulations were lowest. Moreover, the influence of the
landscape on stink bug density could extend to larger spatial scales beyond habitats
just immediately adjacent to a crop. Since inpegiuation dynamics and

distributions are affected by regiodahdscape context andecies traits such as
dispersal abilityTscharntke & Brandl, 2004ylistribution and density d¢. halys

may depend on habitat and other environmental characteristics at spatial scales
greaer than the local agricultural fie(d@hieset al, 2003; Tscharntket al, 2005)
Differences in landscape structure between my study aitthe regional scale and

their influence on local stink bug density could be a possible reason for overall higher
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density of stink bugs at Keedysville and the role of adjacent crops as a source of stink

bugs in field corn and soybean.

This study relatd the various corn and soybean damage measurements to
stink bug density. As expected, stink bug damage to corn kernels increased with stink
bug density. The percentage of damaged kernels reached levels up to 8% at the field
edge to less than 3% betweett®m from field edge, and was positively correlated
with stink bug density. The percentage of collapsed kernels was negligible and not
significantly influenced by stink bug density. Based on findings by earlier studies
(Negron & Riley, 1987; Net al, 2010) neither kernel damage, ear weight or grain
weight was affected beyond tasseling stage (V@mffeeding damage l&. servus
andN. viridula. AlthoughH. halysdensity can be high along edges of corn fields, my
results suggests thet halyskernel quality loss are restricted to aboutni@om the
edge and yield loss may not be significant bec#usenajority of damaged kernels
should remain intact during harvesting and contribute to the total yield. Howgver,
halysis known to introduce yeast and other microorganisms into host tissue in the
process of feeding; thus, this insect could increlaseisks of mycotoxins produced
in the ear. Preliminary studies in Virginia have reportedFoaarium sp
concentrations were positively correlated with the proportion of kerneldHuitlalys

damage (personal communication, A. Herbert).

H. halyspopuhtions in soybean had a significant impact on pod development,
with the percentage of flat pods significantly increased with increasing stink bug

density. Concomitantly, the proportion of fully developed pods significantly
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decreased with increasing stinkgodensity. Effects on pod development also were
greatest at the immediate field edge and least at 15m from edge. Changes in the
development and maturation of soybean pods dtk talysfeeding have been

recently documente®wenset al, 2013) showing that most severe pod loss

occurred at the R4 (full pod) growth stage. Observed effects on pod and seed
development with higher stink bug density were similar to damage caused by other
stink bug specie@aughertyet al, 1964; Todd & Turnipset 1974; McPhersoet

al., 1979; Brier & Rogers, 1991; McPherseinal, 1993) Results showing increased
proportions of moldy and purple stained seeds with higher stink bug density indicate
the potential role off. halysin transmitting various pathogersowever, this needs

to be further investigated experimentaMy study found a significant, yet weak
negative association between soybean yield and stink bug density. In contrast, recent
field cagebased research addressing the effects. tfalysfeeding on soybean

growth did not detect a significant relationship betweehatysstink bug densities

and yield losgOwenset al, 2013) Ongoing field studies in the Midtlantic region
comparing yields of insecticide tredtand untreated plots of soybean would better

establish the relationship between soybean yields and stink bug density.

Knowledge of how adjacent habitats influemtehalyspopulations and the
within-field distribution has several implications in stinkgpmanagement. First,
results indicate that scouting corn and soybean fields can be more efficient if initially
concentrated at field edges bordering wooded habitats where there is a greater
likelihood of colonization and higher infestation risk. Seconillg,infestation

patterns of stink bug communities dominated-byalysare predominantly edge
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centric, and population densities beyond 15 m are invariably very low and generally
non-economic. Based on my results, eadgdy treatments of insecticides pattiarly
along woods and border areas with buildings could considerably reduce control costs
yet still prevent damage due to stink bugs in field corn and soybean. Preliminary
studies show that treating just 12 m into the field prevented further invasltén by
halysand other stink buggersonal communication, A. Herberfhe edgeonly
treatment also resulted in ani®5% reduction in insecticide used compared with
wholefield treatmentgLeskeyet al, 2012) Results presented here showing highest
stink bug density and associated damagédd to the immediate field edge provide
validity for the edgeonly treatment. Based on my findings, | suggest that integrated
pest management programs for the stink bug complex in field crops should include
farmscapdevel planning, in terms of crop loman with regards to adjacent habitats,
and targeted interventions in the form of edgdy treatments to prevent seed quality

and yield losses.
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Chapter 2: Spatio-temporal dynamics and movement oHalyomorpha halys
(Stal, 1855) (Hemiptera: Pentatomidaen and between adjacent corn and

soybean fields.

Introduction

Heterogeneity of available habitats within the agricultural ecosystems
influence the dispersal and habitat selection of pest insects, thereby affecting their
population dynamicgCarriereet al, 2006, 2012)Most polyphagous insepests,
however, display distinct preferences for particular plant species, cultivars and plant
growth stages. These preferences can lead to the concentration of peripatetic insect
pest populations in fields that represent the most preferred hosts ots{#atanedy
& Margolies, 1985; Kennedy &torer, 2000; Kogan & Turnipseed, 1987)

Additionally, crop planting dates, harvest dates, and crop maturation influence host
preferences of mobile polyphagous stink bugs, thereby heavily affecting the
distribution of pest populations within an agricutuecosysteniKennedy & Storer,

2000) Therefore, the seasonal availability and suitability of source and recipient

crops in relation to the life stages of the pest influence the dispersal dynamics of pests

from sources to recipient qus.

Availability and suitability of crops also impact development and survival of
the offspring of invading adults, which may control population increase through
subsequent generations. This is heavily influenced by seasonal spatial population
dynamics oinsect pests within the landscagedmples in Kennedy and Margolies

1985; seeeview byKennedy and Store2000) and given favorable circumstances,

44



mobile insect pest populations may build up to high densities and inflict heavy crop
damages. Thus, knowledge on insect pest population dynamiasigishe

availability of noncrop and crop hosts at prefergwth stages within dispersal
distance in the farmscapes is indispensible for developing effective pest management

strategies.

Stink bugs in the family Pentatomidae are major worldwide pests of
economically important fruit, vegetable, grain, and agranamops(Panizzi, 1997)
and are considered important pests in soylé&goinemax(L.) Merr. producing
areas of the worl{Panizzi & Slansky, 1985Polyphagous stink bugs depend on
availability of a sequence of hosaplts for their survival and disperse between these
plant hostst preferred phenological growth stagdsnes & Sullivan, 1982; Panizzi,
1997; Tillman, 2011; Toscano & Stern, 197Bany pentatomid species show
specific feeding habits in relation to the local sequence of host plantsbéevaila
(Panizzi, 1997)For example, host plant sequenceNezara viridula(L.) in
Louisiana differed from that in South Carolina, and consequently the spatial
population dynamics we different(Jones & Sullivan, 1982Prior to colonizing
soybean in late summer, stink bug species require other host species such as corn
(Tillman, 2010)for feeding during the spring and summer at which time they build up
population sizes by producing another generation eachlyeskeyet al, 2012;
Schumann & Todd, 1982 uantifying the temporal and spatial dynamics of stink
bugs will therefore improve the understanding of its build up in crops and the

potential for movement to neighboringops(Tillman et al, 2009)
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Stink bugs were not considered serious pests of crops wAtlaidtic region
until recently. The most common stink bugs in agricultural fields in tideAtiantic
wereChinavia hilaris(Say 1832) an@&uschistus servy$ay 1832), but these species
have had little economic impact in the reg(bhelsenet al, 2011) The recent
explosion in populations of the iagive brown marmorated stink bugglyomorpha
halys(Stal 1855)however, has led to significant economic and ecological impacts.
Since the accidental introduction and discovery of this Asian stink bug near
Allentown, Pennsylvania, USA]. halyshas beenetected in 41 states, and local
populations and detections from Europe (Switzerland, France, Canada, Germany,
Italy and Liechtenstein) have also been repo{@aBI, 2014) This polyphagous
stink bug has a wide range of host plants including tree fruits, vegetables, field crops,
ornamental plantgnd native vegetation in its native and invaded ranges. Since 2010,
serious economic losses have been reported for tree, fruit, ornamental and row crops
including field cornZzea mayd.., and soybeans in the mitlantic region(Leskeyet

al., 2012)

Corn and soybean are planiachigh aceage throughout the United States
(NASS- USDA, 2014)often adjacent to each other, and coraris of the earlier row
crops available to stink bugs in the rfitlantic region. Hence, quantifying the
spatial population dynamics of stink bugs in corn would help in management of stink
bugs in the regiofTillman, 2010) As H. halysis considered an economic pest of
many legumes (particularly soybean) both in its nadive introduced aredkee et
al., 2013; Leskeet al, 2012) soybean adjacent to corn hosts in the-Wilntic

regionprovides a suitable opportunity for outbreaks. The sequence of crop planting
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dates in which soybean is planted later than corn in adjaeElgmakes soybean a
suitable host (at seed filling stages R5 & Réielsenet al, 2011; Owengt al,
2013)for H. halysto transfer from corn. Studies documenting spatial and temporal
dynamics of stink bugs in farmscapes with heterogeneous crops all pertain to the
Southern portion of the United Statedjile thepopulation dynamics of stink bugs in
adjacent corn and soybean of the Mitlantic region has rarely been addressed

(Nielsenet al, 2011; Owengt al, 2013)

This studyquantifiedthe spattemporal dynamics of stink bug populations
between corrandadjacent soybearand examined potential role of caas a source
of stink bugsin adjacent soybeadhe exyerimental design addresses the following
guestions: 1) Wen is the peak density &f. halysin relation to corn and soybean
reproductive development?) How doesH. halysage structure differ in corn and
soybeans through time3) How does density of stinkugsspatiallyvary through the
season, within adjacent corn and soybean frefigsHow doespopulationdensity of
H. halysin corn affect degty in soybeans®) What is the proportion of soybean
fields in midAtlantic region adjacent to cori?hypotheged that initial population
buildup in cornwould reachpeak density during grain development sta@aBI,
2014; Leskeyet al, 2012) | expected the typical crop sequence and timings prevalent
in the midAtlantic region to facilitate the dispersal ldf halysfrom corn to soybean

during the seed fihg stages of soybean.
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Methods

The study was conducted at the USB@ltsville AgriculturalResearch
Center aBeltsville, MD and University of Maryland Research and Education Center
facilities at Beltsville and Keedysville, M[3tink bug populations wenaonitored
during 2012 and 2013 in a total of sexshacentornsoybearfields of varying
dimensions, using a sampling gpdttern. Ateachsite corn (3006 row
full season s oy fedsawere glantéd withinviéh aparausingn g )
standard agricultural practices (Sksble2.1for field details) and sharedt least 50
m of boundaryinterface.Visual counts of ink bugswere recordedt geereferenced
grid points withineachfield spaced 15n apartn all directions except at theorn
soybean interface where samples were takeaaicropboundary interfacerhe
total number of the sampling points in corn and soybean vanxhg site¢Table
2.1).

Stink bugs were enumerated at each sampling pocarnby carefully
examiningl0 consecutive plantd-or soybean, stink bugs were enumerated in all
plants within two semicircular plots of 0.5 m radius edzhtawere recorded for
adults, small nymph@" and % instass), large nymph$4™ and " instarg and egg
masses ofl. halys and densities were converted to numbers gefThe crop growth
stage was also recorded based on samplesfivernornor soybeanplants at each
point. Samplingcommenced at thenset of silking througkernel development of
corn (Rt R6; Hanway 1963puring mid July, and continued till the physiological

maturity of soybean seeds (R=ghret al.1971)in late September.
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In addition to the grid sampling, five soybean field edges adjacent to corn
fields were alsanonitored for stink bugs using transect samp(ifgblel). At edges
of soybean fields adjacent tora, sampling sites along four transects spaced 15 m
apart were marked at distances 0, 1.5, 3, 4.5, 6, 9, 12, and 15 m from the edge to field
interior (total of 32 samplgsStink bugs were enumerated in all plants within a
semicircular area of 0.5 m radi@l.57 M) from mid August late September
coinciding with the seed development stages of soybeaR{R4which are

associated with higH. halysabundancéNielsenet al, 2011)
Statistical Analyses

The infuences of crop phenology on the densityHohalyswas analyzed by
Generalized Linear Mixed Models (GLMMs) based on Laplace approximation, with a
Poissorlognormal error distribution and log link functigBolker et al, 2009;

Elston, Moss, Boulinier, Arrowsmith, & Lambin, 2008eparate GLMMs for corn

and sopeanwere performegdand each analysis treatelénsity ofH. halyspooled

across all sampled grids as response variable, crop stage as fixed effect, and the
sampling point in the grid asrandom factor to account for repeated measurement
(Pinheiro & Bates, 2000) he significance of the fixed effects was determined by
Wald c?tests and the coefficient of determination?jRor the fixed effects was also
calculatedNakagawa & Schielzeth, 2013ignificant dfferences in the estimated
means of stink bug density between the different crop stages were identified through

Tukeyo6s -wisS &mpadasons.
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Seasonal dynamics k. halyspopulation structure in relation to crop
phenology was visualized througtearcharts. Differences . halyspopulation
structure between corn and s E&yabtEeaton wa s
overall count data (pooled over sampling dates) for each of the grids sampled. The
spatial heterogeneity iH. halysdensity wa characterized using Inverse Distance
Weighted (IDW) interpolation technique. IDW utilizes values from-geferenced
points to predict densities for unsampled pgiatsl values from the geceferenced
points close tdhetarget point cared larger weght than those farthéwebster &

Oliver, 2007) The exponent or power value for the IDW was set to the commonly
used value of tw¢Webster & Oliver, 2007)and a search radius that varied based on
input from 12 points was used. The primary rationale somgiIDW for the

interpolation was thatl. halysis predominantly distributed at the edges of field crops
(Venugopalkt al, unpublished data) and IDWreported to be appropriate for such
aggregated data. Previous studies have characterized spati@wanighe density of
other aggregated insect species, including stink bugs, usingH&@kler, French, &
Chandler, 2004; Rhodes, Liburd, & Grunwald, 2011; Tillreaal, 2009) For each

grid and sampling date, obisedH. halysdensities were converted to density” m

and interpolations were performed with the converted data.

H. halysdensity in soybean field edges adjacent to corn was compared
between Beltsville and Keedysville using GLMM based on Laplace apprb@ima
with a Poissodognormal error distribution and log link functi¢gBolker et al, 2009;
Elstonet al, 2001) GLMM were performed with stinkug density as response, study

site as the fixed effect and sampling field as random variable to account for repeated
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measuremer(Pinheiro & Bates, 2000 he significance of the fixed effects was
determined by Wald?tests. Significandifferences in the GLMM estimated means
of stink bug density between the study sit

pairwise comparisons.

The proportion oboybean fields that were within 10m from corn fidlishe
mid-Atlantic states was determithéhrough Near (Analysis toolbox; Proximity
toolset) analysi§ArcGIS 10.0;ESRI, 2011)of the spatially explicit crop data layer
(CROPSCAPEHanet al.2012) All statistical analyses were performed in R
program(R Development Core Team, 20Xkk)d associated statistical packages.
GLMMs were performed with package Im@Bateset al, 2013)and Tukey6s HSD
comparisons of means for GLMMs were computed with package multffdatporn
et al, 2013) Coefficient of determination (pseudd)Ror the GLMM fixed effects
was calculated with package MuMinB a r t o D)W i2teérpbl&tipns were

performed and visualized using package gitabesma & Graeler, 2013)

Results

The total nmber ofH. halysrecorded was 90 and 348 in fadjacentorn and
soybean fieldshat weregrid sampled at Beltsville during 20,12spectively
Stinkbug populations were significantly lower at Beltsville in 2013, with only 7 and 6

H. halysrecordedat al grid sampling pointin one adjacentorn and soybeasite
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Table 2.1. Details on the corn and soybean fields used for sampling; and soybean fields for edge sampling in Beltsville and
Keedysville, MD during 2012 and 2013.

Study | Site Year || | Location | Crop | Area | Points | Planting | Planting | Variety Sampling | Sampling
D (Ha) Date Density / dates Freq.
acre (Days)
Corn | Beltsville | 2012 |1 [ 39.02 N, | Corn | 0.63 | 28 7-May 28000 Hubner July 26- 7-10
- Soy 76.87 W 5582VT3 Sep 6
Grid Soy |[0.41 |28 6-Jun 150000 | Channel July 26- 7-10
3806 Sep 26
2139.04N,| Corn |0.42 | 28 7-May 28000 Hubner July 18- 7-10
76.89 W 5582VT3 Sep 20
Soy |[0.42 |28 6-Jun 150000 | Channel July 18- 7-10
3806 Sep 26
3139.03N,|Corn |0.72 | 32 3-May 28000 Channel 207 | July 16- 7-10
76.82 W 13VT3P Sep 6
Soy |0.66 |32 6-Jun 150000 | Channel July 16- 7-10
3806 Sep 27
4139.00N,|Corn |0.53 | 32 27-Apr 28000 Channel 210 | July 18- 7-10
76.85 W 61VT3 Sep6
Soy |[0.53 |32 7-Jun 150000 | Channel July 18- 7-10
3806 Sep 26
2013 | 1| 39.02N,| Corn | 0.63 | 28 6-May 28000 Hubner July 30- |7
76.87 W 5582V T3 Sep 6
Soy |[0.41 |28 6-Jun 150000 | Channel July 30- |7
3806 Sep 6
Keedysvi 5139.50N,| Corn | 0.19 |19 24-Apr 26000 Pioneer July 26- |7
lle 77.74 W 5K09AM1 Sep 6
Soy [0.43 |35 22-May | 180000 | Seed July 26- |7
Consultants | Sep 24

52



SCS9360RR
39.50 N, | Corn | 0.47 | 28 25-Apr 26000 Doebler's July 26-
77.72\N 633HXR Sep 6
Soy |0.48 |28 27-May | 180000 | Seed July 26-
Consultants | Sep24
SCS9360RR
Soy | Beltsville | 2012 39.02 N, 8-May 155555 | Pioneer Aug 16-
edge 76.82 W 93Y91 Sep 6
Keedysvi 39.51 N, 4-Jun 180000 | Doebler's Aug 16-
lle 77.73 W 3809RR Sep 26
39.50 N, 4-Jun 180000 | Doebler's Aug 16-
77.73 W 3809RR Sep 26
Beltsville | 2013 39.02 N, 8-May 155555 | Pioneer Aug 16-
76.83 W 93Y91 Sep 16
Keedysvi 39.51 N, 27-May | 180000 | Seed Aug 16-
lle 77.74 W Consultants | Sep 18
SCS9360RR
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At Keedysville during 2013, a total of 1157 and 2tbhalyswere ecorded irtwo corn
and soybeafields that wergrid sampledrespectively. As data from the Beltsvilgeswere
too few for any meaningful analyses, only the 2013 data from Keedysville were used for
statistical analyseslowever, ¢ depict the generglopulation density trendt theBeltsville
gridded fields interpolated density maps for the entire seagsere generatefbr the most

abundant fieldsampled in both 2012 and 2013.

GLMMs relating crop phenology td. halysdensitiesat bothKeedysuvillefieldsshowed
significant influence of both corn kernéWeld ¢ = 123.5, df = 6P < 0.001, fixed effects =
0.48) and soybean seed developmental staii c = 397.0, df = 8P < 0.001, fixed effects
R?= 0.43) HighestH. halysdensity in corn was aerved during the mitklough stagé¢R3/R4;
Fig. 2.1A), and generallfigher density oH. halyswas observed during earlier stages of corn
kernel development (R2 blisteR3/R4 milk/dough), than the later maturity stages (R4 deugh
R6 physiological matuty). In soybeanhighest density was observed at befyithseed (R5/R6;
Fig. 2.1B) stages, and higher stink bug densities were observed during seed filling stages (R4

R6) than the begin pod (R3) or physiological maturity (R7) stages.

The seasonal dynaos in thedensity andage structure dfl. halysdiffered between corn
and soybean. In coportion of Field 5 and &t Keedysville, proportions of small nymphs and
adults was greater than that of large nymphg 2.2A and 2.3A, respectivelyAlso, therevas a
steep decline in total number of stink bugs observed in both belglsnd the dough stage of
corn Figs. 2.2A and 2.3A This decrease coincided with corresponding increasbsarved

stink bug densityn soybean, particularly at the full podeealy seeddevelopment staggR41
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R5). Also, higher proportion of large nymphs than small nymphs or adults was observed in
soybean (Figs. 2B &B). The difference in age structuretdf halysbetween corn and soybean
with respect to the relative proport®of large nymphs to small nympheas statistically

significant for both Fields 5 and 6 in Keedysvile{ 0 . 0 0 1 Exadtlie)h er 0 s

Visual inspection of the interpolated density-bfhalysin Field 5 at Keedysville showed
initial distribution and bildup of population restricted to corn (F®4; 26 July) and higher
densities in corn (£20/nT) along the corssoy interface (31 July & 7 Aug). After Aug 7,
densities in corn diminished and stink bugs were observed in soybean adjacent to corni(20 Aug
12 Sep) and at the other end of the field adjacent to woetl® (®f), while not at the center of
the soybean field. Also, nymphs comprised a high proportion of stink bugs in soybean adjacent
to corn on Sep. 6 (6 Sep Nymphs5/8r). Spatial pattern of asity in Field 6 at Keedysville
was similar to that of Field 5, with high density in corn along @myinterface (31 July 07
Aug; 1012/ nf) gradually diminishing to show increasing density in adjacent soybean (14 Aug
Sep 6 Fig. 2.5. In Beltsville,however, very few stink bugs were observed overall and there was
no buildup of populations in corn in both years at Field 1 Ei®). The highest density of stink
bugs was observed later in the season, in soybean (20 2Qidug 2012; 8/ rhand 29 Aug
2013; 8/ M). In Beltsville, corn was not a sourcetéf halyspopulation dispeiag into soybean
and the highest density of stink bug was observed directly in soybean edges bordering woods

(Fig. 5; 201 31 Aug 2012 and 29 Aug 2013) during the-R6 stage.

Results comparing densities at soybean field edges adjacent weresimilar to the

site level differencein the stink bug spatial dynamics as observed from the interpolated maps.

GLMM and Tukeybés HSD showed si gamdKeedysallet di f f e
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(Fig. 2.7) in the density of. halysobserved in soybean edges adjacent to adra 83.3, df =
1,P < 0.001), with significantly les. halysdensity in Beltsvilleln the midAtlantic region,
soybean fields are planted adjacent tonanrvery high proportions, especially in PA (83%), DE

(73%) and MD (70%; Table 2.2).

Discussion

This study quantifiethe spatial distribution oH. halysin adjacentornsoybearfields
andidentified the role of crop phenology @s population dynamig across the growing season.
It represents the first effort to examine the influence of corn kernel growth stages on the density
of stink bugs in the mid\tlantic region. Similarly, population dynamics and growth stages
differences between adjacent cropsthe invasive economic pdst halyshas not been
guantified.Results showed thawhile cropgrowth stagesfluenced stink bug population

densitiestherole of adjacent corn assource oH. halysinvading soybean varied with site.

In soybean, higst stink bug density was observed during the seed development stages
(particularly R5R6), which confirmed results from other reportdHothalys(Nielsenet al.2011,
Leskeyet al.2012, Owengt al.2013, CABI 2014)and other stink species includibg viridula,

C. hilaris, andE. servugBundy & McPherson, 2000; Herbert & Toews, 2011; Herbert &
Toews, 2012; Jones & Sullivan, 1982; Kogan & Turnipseed, 1987; McPhetradn1993;
Olsonet al, 2011, Panizzi & Slansky, 1898Schumann & Todd, 1982; Todd, 1989; Turnipseed

& Kogan, 1976)
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Figure 2.1. GLMM comparisons oHalyomorpha halyslensities at different
phenological stages of field corn (A) and soybean (B) at Keedysville, Maryland ¢
2013. The vertical lines represent 95% confidence inteinesdce not symmetrical
around the meameans with the same letter abdsars are not significantly differen
(U = 0.05, Tukeyds HSD) .
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Figure 2.2. Seasonal dynamiesd life stage densitied Halyomorpha haly# relation to
growth stages of adjacent corn (A) and soybean (B) in Fiel&Kéedysville, MD during 2013.

8
7
) A
5
4
3
NE 2
-~ 1
Do
'8 Adutts
-C. 7 [ Large Nymphs R6 B
T 6 Small Nymphs RiS '
5 Il Ego/1st Instar : .
4 - R4
3 -
2 ]
1 .
0 -

7/26 8/2 8/9 8/16 8/23 8/30 9/6 9/13 9/20
Sampling Date

58



Figure 2.3. Seasonal dynamiesd life stage densitied Halyomorpha haly# relation to
growth stages of adjacent field corn (A) and soybean (B) in Field 5 at Keedsyville, MD during
2013.
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Figure 2.4. Spatial interpolation dflalyomorpha halyslensities (per ) in adjacent corn

(denoted by C) and soybean (S) across the 2013 growing season at Field 5 in Keedysville, MD.
Extent of corn and soybean sampledesarcated by black lines while the black circles

represent the location of sample points.
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Figure 2.5. Spatial interpolation dflalyomorpha halyslensities (per ) in adjacent corn
(denoted by C) and soybean (S) acroe2bil 3 growing season at Field 6 in Keedysville, MD.
Extent of the corn and soybean sampled is demarcated by black lines while the black circles
represent the location of sample points.
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