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Imidacloprid is a widely used neonicotinoid insecticide with high efficacly a
long residual activity, and it is frequently applied to manage insect pastisan
landscapes. Recent reports of secondary outbreaks of spider mites afteojpnidiacl
applications have prompted research endeavors to explain the driving force otifite abr
increases in abundance of mites. In this research, | documented outbreaks ohisgsde
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been proposed to explain the outbreaks: elimination of natural enemies, dirattsiim
of spider mite fecundity and changes in plant quality, specifically, changesimsdef
pathways. To this end, | examined if the outbreaks occur in field and greenhouse
experiments, and tested if imidacloprid applications disrupted communities @itkane
insects and caused increased reproductive performance of spider mites in two wood

ornamental systems, elm trees and boxwood shrubs. Additionally, | used a model



organism, tomato plants, to address the hypothesis of altered plant defenses in plants
treated with imidacloprid.

| found overwhelming evidence that outbreaks of spider mites occur consistently
following applications of imidacloprid in landscape and greenhouse experiments.
Moreover, surveys of arthropods on elms and boxwoods showed no evidence of
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Chapter 1. Abundance of a non-target pest, spider mites (Acari:
Tetranychidae), increases abruptly following applications of
imidacloprid to woody ornamental plants.

Abstract

Imidacloprid, a neonicotinoid insecticide, has been used worldwide since its
development in the early 1990’s. It is a highly efficacious insecticide withresidual
activity against a wide range of target pests. Recently, economic and erantahm
benefits of imidacloprid have been overshadowed by reports of secondary outbreaks of
spider mites (Acari: Tetranychidae) on plants treated with imidacloptié. objectives
of this study were to quantify differences in abundance of teranychids on commonly
grown woody ornamental plants. Field and greenhouse experiments were conducted
using elm trees and boxwood plants in a managed urban landscape and potted boxwoods
and cotoneasters in a greenhouse. Abundantetra@inychus schoenel McGregor on
elm, Eurytetranychus buxi Garman on boxwoq@ndOligonychusilicis McGregor on
cotoneastewas compared between treatments. Spider mites in the field and greenhouse
experiments were more numerous on plants that received imidacloprid. Addytionall
there is some evidence of increase in numbers of eriophyid rRéesdx insolita
Keifer, Acari: Diptilomiopidae) and tydeid miteslgmeopronematus anconai Baker, and
Lorryia spp Oudemans, Acari: Tydeidae) on elm trees treated with imidacloprid.
Abundance of a key predator Bfschoenei, G. herbertae (Acari: Phytoseiidae) was
reduced on elms treated with imidacloprid. Implications of these findings $tofes

mechanisms of secondary outbreaks of spider mites are discussed.



I ntroduction

Outbreaks can be defined as dramatic increases in the abundance of arthropod
pests that occur in relatively short periods of time that negatively affects aspect of
human well-being (Berryman 1987, Barbosa and Schultz 1987). Outbreaks of
herbivorous arthropods that successfully compete with humans for valued resources have
attracted considerable attention from scientists (Logan et al. 2003). Sudden and
unpredictable spikes in abundance of pests are thought to arise from such factors as
changes in physical environment, abundance and quality of host plants, inherent genetic
propensity of the organisms, and disruptions of natural enemies that allow pestpt® es
regulation by predators and parasites (Berryman 1982, Barbosa and Schultz 1987,
Wallner 1987, Logan et al. 2003, Raupp et al. 2009).

Climate is one of the most powerful factors in shaping geographical digiributi
of arthropods and alters the frequency of outbreaks (Logan et al. 2003). On a global
scale, weather and rainfall are the most important predictors of inseittudish
(Wallner 1987). Temperature fluctuations and drought have been recorded to precede
insect outbreaks. For example, Powers et al. (1999) found that in addition to topography
and vegetation type, weather phenomena played a role in outbreaks of bark beetles on
Douglas fir in Oregon forest. Increased abundance of giant phasmids gsoheélid
beetles on eucalyptus was linked to temperature and rainfall in Australia 209%2).
Temperature and patterns of rainfall are linked to outbreaks of herbivores driven by
gualitative and quantitative changes in their host plants and disruption of predator-prey
interactions that normally suppress pest populations (Berryman 1982, Barbosa and

Schultz 1987, Wallner 1987, Logan 2003, Raupp et al. in press).



While natural events can dramatically destabilize trophic interactions,
anthropogenic practices can have impacts equally damaging in consequences.
Widespread use of pesticides to control herbivorous arthropods in urban landscape has
been implicated in resurgence of primary pests and outbreaks of secondary herbivore
(Ripper 1956, Roberts et al. 1973, McClure 1977, Dreistadt and Dahlsten 1986, Godfray
and Chan 1990, Raupp et al. 1992, Raupp et al. 2001, Raupp et al. in press, Amalin et al.
2001, Marquini et al. 2002, Devotto et al. 2006, Frampton et al. 2007, Liang et al. 2007).

Documented cases of outbreaks of secondary pests are of particular retevance
my research. In 1975 Luck and Dahlsten reported that mosquito-fogging programs
resulted in increased abundance of pine needle €atmaspis pinifoliae. A secondary
outbreak of another scale insect, European fruit lecanium, followed application of an
insecticide aimed to control filth-flies (Merritt et al. 1983). Similaresasf increased
abundance following insecticide applications were reported for citrus red mite
honeylocust spider mite, woolly whitefly, purple scale, citrus mealybug (Dedrad
Rose 1977, Sclar et al. 1998, Raupp et al. 2004, Raupp et al. 2008). It was the onset of
widespread use of pesticides after World War 1l that contributed to the spedef
mites (Acari: Tetranychidae) to a status of a worldwide pest (Kropkayligkiewicz
1984). Population levels of tetranychids usually remain low until pesticidepaieda
(Prischmann 2005).

In general, outbreaks of pests following applications of insecticide aszajky
thought to arise due to a few mechanisms. These include insecticide-indudedteim
of natural enemies or decrease of their foraging abilities, inctdesbivore fecundity

either by hormoligosis, the direct, sublethal effect of stress agent onuefwedbility



or trophobiosis, insecticide-driven changes in plant physiology that increass plant
nutritional value, elimination of competition and lastly, shift toward femadsdul sex

ratio that results in greater number of eggs are thought to cause the outbrealss of pest
(Jones and Parella 1984, Trichilo and Wilson 1993, Hardin et al. 1995).

Elimination or decrease in foraging ability of natural enemies has been
extensively studied with respect to pest outbreaks following application oficides
(Roberts et al. 1973, Luck and Dahlsten 1975, DeBach and Rose 1977, Metrritt et al.
1983, Dreistadt and Dahlsten 1986). Outbreaks of tetranychids often follow when
pesticides remove predators and release mites from their regulatsgner€Ripper
1956, Croft and Brown 1975, Pimentel and Edwards 1982). Following the application of
pyrethroid insecticides, Trichilo and Wilson (1993) noted a 12-fold increase in abundance
of mites on treated plants. Natural enemy release and an increase in fectinities
where mechanisms underlying these dramatic increases. Applications of an
organophosphate insecticide to wine grapes lead to increased abundance of spider mites
that was linked to lower numbers of predatory phytoseiid mites (Acariogdiydae)
(Prischmann et al. 2005). Phytoseiids are key predators of tetranychidsitivicist al.

1970, Helle and Sabelis 198Ftavrinides and Mills (200®bserved higher levels of
spider mites and lower numbers of predatory mites on grapes that were trigated w
imidacloprid, a neonicotinoid insecticide. However, many studies illustratedhenly t
post-treatment effect of pesticides on predators, and failed to demotisttatee
specific beneficial arthropod was vital to regulating spider mite popaoktn a density-

dependent relationship in the studied system (Ripper 1956, Hardin et al. 1995).



In addition to examples of disruption of natural enemies of spider mites, there are
numerous reports of insecticides that directly affect mites. Saini and Cutk@6) (
and Dittrich et al. (1974) reported that DDT increased oviposition and resulted iefemal
biased ratio in spider mites. Methyl carbamate applications had aabnyubffect on
spider mites as well (Dittrich et al. 1974, Boykin and Campbell 1982, Costa et al. 1988,
Calabrese 1999). Another insecticide class, pyrethroids, affectedytdtidsin a similar
way. Application of synthetic pyrethroids resulted in higher fecundity, fetmated sex
ratio, decreased generation time and delayed diapause (Iftner and Hall, 198&ndlones
Parella 1984, Costa et al. 1988, Gerson and Cohen 1989, Ayyappath 1997).

Moreover, in addition to effects of insecticides on natural enemies and
reproductive stimulation of tetranychid mites, there is some evidence thataise
chemicals promote changes in plant quality that may lead to outbreaks of mites.
Insecticides are known to have positive effects on plant growth (Pless et al. 1971
Wheeler and Bass 1971, Chelliah and Heinsrich 1980, Oosterhuis and Brown 2003,
Gonias et al. 2006, Tenczar and Krischik 2006, Gonias et al. 2008), and there are several
studies suggesting that changes in plant physiology have positives effect on abwidanc
spider mites. Boykin and Campbell (1982) found changes in physiology of peanut plants
after carbaryl applications resulted in elevated populations of spides. nTites effect
was also observed on soybean plants treated with carbofuran (Mellors et al. 1984). More
recently, Gupta and Krischik (2007) reported that rose plants treated with iopiddcl
had elevated indices of chlorophyll and leaf area and housed higher numbers of spider

mites than untreated plants.



Elevated numbers of tetranychid mites after applications of imidaclopra ha
been observed in the past. Sclar et al. (1998) first described the phenomenon @&dncreas
populations of spider mites following the application of imidacloprid on honeylocust.
Elevated populations of spider mites were later reported on hops and hemlocks {James e
al. 2001, Raupp et al. 2004). Because of imidacloprid’s widespread use in management
of herbivorous insects (Li et al. 2001, James and Price 2002, Rogers et al. 2007), it is
crucial to document the secondary outbreaks of mites and understand their underlying
mechanisms.

Imidacloprid, [1-(6-chloro-3-pyridylmethyl)-2-nitroimino-imidazdine], was
the first neonicotinoid that came into widespread use (Mullins 1993). It is simila
structure to nicotine, and acts as an agonist at the nicotinic acetylchokp&orec
(nAChR) distributed throughout the nervous system of insects (Tomizawa and Casida
2003). Insect nAChRs are involved in rapid neurotransmission. Binding of the primary
ligand, acetylcholine, to the extracellular domain of the receptor in the pgsisyna
region results in conformational change of the receptor and subsequently an action
potential is generated by influx of Nians and efflux of K ions (Tomizawa and Casida
2003). After the acetyl group of the ligand is cleaved by acetylcholinsstexaoline
leaves the receptor and membrane repolarizes (Tomizawa and Casida 2003).
Imidacloprid has been found to depolarize and block transmission between synapses of
the receptor at the postsynaptic membrane. It binds to the receptor causitignran ac
potential, but then is not recognized by acetylcholinesterase and remains bound to the
receptor (Matsuda et al. 2001). Neonicotinoids do not ionize at physiological pH, and are

thus more hydrophobic and better at penetrating membranes (Tomizawa ated Casi



2003). Moreover, the insecticide exhibits target site specificity for inggChR. This is
attributed to the fact that imidacloprid's structure enhances its reautithtinsect

NAChR (Tomizawa and Casida 2003, Matsuda et al. 2001). Imidacloprid contains
bridgehead nitrogen and a strong electron withdrawing nitro group th&ioaght to
strengthen interactions with particular amino acids of insect NAChR (Mag$adla

2001). This was confirmed by Matsuda et al. (2001) in an experiment that involved
synthesis of a chemical that differed from imidacloprid only by absence bfitgehead
nitrogen and the nitro group. This molecule did not show high affinity for insect nAChR.
Moreover, Zhang et al. (2000) found that the specificity of imidacloprid for the binding
site on acetylcholine receptor was conserved between two different aphicgspecie
housefly and a fruit fly. This indicates that the high specificity of immjarad is

conserved among insect species and families.

Imidacloprid’s chemical characteristics translate to very impbgeactical
benefits such as reduced environmental impact, high efficacy and long restolitgl ac
Imidacloprid's high affinity for insect nAChRs increases its safety tcahsrand other
mammals. The Environmental Protection Agency has found the insecticide to have no
acute, reproductive, or carcinogenic toxicity (EPA 2000). A great advantage of the
pesticide is that it can be applied as a soil drench or soil injection, whichizesim
exposure of non-target arthropods to the chemical. Imidacloprid is a systeeciicide,
and it is absorbed through the roots into the vascular system, and distributed to plant
tissues (Mullins 1993, Gill et al. 1999). It has been reported to control sucking insect
pests such as aphids, whiteflies, lace bugs, adelgids as well as seeesl cpe

Coleoptera and Diptera (James 1997, Gill et al. 1999, d'Eustachio and Raupp 2001, James



and Vogele 2001, Webb et al. 2003, Raupp et al. 2004, Szczepaniec and Raupp 2007).

High effectiveness and low mammalian toxicity of imidacloprid stimulagedarch on

other neonicotinoids: thiamethoxam, nitenpyram, acetamiprid, dinotefuran, cldthjani

all of which are currently available on the market. Neonicotinoid seed tnetstineve

been shown to provide an effective control of potato leafhopper (Nault et al. 2004). In

addition to providing excellent short-term control of insect pests, imidacloprishioam

exceptionally long activity: absence of pests and toxicity of foliage wseradd up to

three years following application in potted cotoneaster plants (Szczepadiéaupp

2007) and up to almost three years in established hemlock trees (Raupp et al. 2004).
The objective of this study was to document empirically the occurrence of

spider mite outbreaks following applications of imidacloprid to plants growing imurba

landscapes. To this end, the abundance of tetranychid mites was observed on elm trees

and boxwood shrubs in managed landscapes and common gardens, and on boxwoods and

cotoneasters in greenhouse studies. Spider mites are parenchyma-aribkoppds that

feed on cell contents of their host plants by piercing the cell walls with lolegssiielle

and Sabelis 1985). Another cell-contents feeders, lace bugs (Hemiptera: 8)rgala

known to be susceptible to imidacloprid (Gill et al. 1999, d’Eustachio and Raupp 2001),

which implies that arthropods can come in contact with imidacloprid by sucking out the

contents of plant cells. This allowed me to assume that spider mites weredetqpose

imidacloprid by consuming plants treated with the neonicotinoid. Species of mites used

includedTetranychus schoenei (McGregor) on elmEurytetranychus buxi (Garman) on

boxwoods and®ligonychusilicis (McGregor) on cotoneasters. With the exception of a

study of boxwoods conducted in a greenhouse, no mites other than naturally occurring



populations were introduced onto the experimental units. In addition to tetranychid
mites, abundances of other mites were recorded in experiments conducted with elm

the field.

Methods
Study system: Tetranychus schoenel McGregor (Acari: Tetranychidae) and Ulmus

americana Linn. (Urticales. Ulmaceae)

Herbivore and its natural enemies. TheT. schoenei, (Tetranychus schoenei
McGregor) is a polyphagous tetranychid distributed over the eastern and steuthe&s
(Reeves 1963). It shares many traits of its natural history with a elesive, the
twospotted spider mitdetranychus urticae (described in Chapter 4). Similar in this
respect to the twospotted mite, theschoenei has four developmental stages, larva,
protonymph, deutonymph and adult. (Jeppson et al. 1975). There are morphological
differences between different developmental forms of this mite. While denpdrs and
adult forms ofT. schoenei have four dark spots, two located on each side of their bodies,
larvae and protonymphs have only two spots, one on each side. The complete life cycle
can take place in seven days at optimum temperature (25-28 °C), and theneeimga a
of nine generations per year. At their maximum reported longevity, 36 Taghpenei
females may lay over 100 eggs (Jeppson et al. 1975thoenei feeds mainly on the
underside of leaves and produces variable webbing. Heavy infestations of the pest cause
yellowing of the leaves and leaf drop. This mite overwinters as mated & raatk
diapausing individuals can be distinguished by their bright orange colorationddegips

al. 1975).



The natural enemies of this mite are shared by most tetranychids, anmtkincl
phytoseiid mites (Acarina: Phytoseiidae) (Helle and Sabelis 1985, Ciielke £999,
Roda et al. 2000), minute spider mite destro$ethorus punctum (Coleoptera:
Coccinellidae) (Helle and Sabelis 1985, Roda et al. 2000, Rott and Ponsonby 2000, Roy
et al. 2002, Roy et al. 2003), lacewing larvae (Neuroptera: Chrysopidae) (Reddy 2001,
Rosenheim et al. 2004), dusty wings (Neuroptera: Coniopterygidae) and ceccidomyid
larvae (Diptera: Ceccidomyiidae) (Huffaker and Messenger 1976Y).e Bine no reports

of a specialist natural enemy feeding exclusively onrtlsehoenel.

Host plant. The American elImylmus americana), also known as water elm and
white elm, is a deciduous tree native to North America (United StatedtDwepd of
Agriculture 2009a). It is distributed from Nova Scotia to Florida, and occurs asdar we
as Manitoba and down to central Texas (United Stated Department of Agriddaga).
Elms are fast-growing trees that are adapted to various types of soil @&hédwim
drought tolerance (United Stated Department of Agriculture 2009b).

EIms’ low - maintenance and highly aesthetic appearance made it onaraishe
popular landscape trees until the onset of Dutch elm disease (DED) in the 1930’s
(McLeod et al. 2005, Newhouse et al. 2007). Among other pests of American elms are
leafhoppers, aphids, elm lace bugs, leaf miners, fall webworm, elm lead, leiphyid
mites and spider mites (Johnson and Lyon 1991). Recently, an introduced species of a
boring beetles, Asian longhorned beetle (ALB)pplophora glabripennis, has killed
many elm trees and forced the removal of thousands of others in lllinois, Kmy,Je

New York and Massachusetts (United Stated Department on Agriculture 1996, 1998,
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2003, 2007, 2008). ALB eradication efforts include prophylactic applications of
imidacloprid in quarantine zones, which resulted in unusually high abundance of spider

mites on American elms in Central Park, New York, NY (Raupp et al. 2008).

Study system: Eurytetranychus buxi Garman (Acari: Tetranychidae) and Buxus

sempervirens Linn. (Euphorbiales: Buxaceae)

Herbivore and its natural enemies. E. buxi is a specialist and feeds only on
boxwoods (Jeppson et al. 1975). Its developmental stages do not differ from other
tetranychids. However, boxwood mites tend to have a longer life cya&el about 20
days from the time an egg is laid for a mite to mature. Fecundiyhuixi is also
significantly lower tharT. schoenei. Boxwood mites lay an average of 30 eggs in the
span of their lifetime, which varies from two to five weeks (Jeppson et al. 1B7B)ixi
prefers to feed on the upper side of young boxwood leaves, and in heavy infestations, the
leaves may appear yellow from coalesced stippling injury. Boxwood spidedoes
not produce webbing, and prefers high temperatures with low humidity (Jeppson et al.
1975). After approximately 8 generations a year, boxwood spider mites ovemgnter
eggs, and hatch in early spring (Jeppson et al. 1975).

As with other tetranychids, the key predator of this mite are phytoseiids
(Acarina: Phytoseiidae) (Helle and Sabelis 1985, Dicke et al. 1999, Roda et al. 2000).
Other important natural enemies of boxwood mites are minute spider miteydestro
Sethorus punctum (Coleoptera: Coccinellidae) (Helle and Sabelis 1985, Roda et al. 2000,
Rott and Ponsonby 2000, Roy et al. 2002, Roy et al. 2003), lacewing larvae (Neuroptera:

Chrysopidae) (Reddy 2001, Rosenheim et al. 2004), dusty wings (Neuroptera:
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Coniopterygidae) and ceccidomyid larvae (Diptera: Ceccidomyiidaejgkarfand

Messenger 1976).

Host plant. Boxwoods Buxus sempervirens) are one of the most popular woody
ornamental shrubs grown in urban landscapes (Jagdale et al. 2002, Raupp et al. 1985).
This introduced evergreen is distributed throughout the Continental US (ITIS 2009), but
it originated in the Mediterranean region of Eurasia (Roberts and Wink 1998). Boxwood
leaves are opposite, shiny and dark green, and contain toxic alkaloids such as
cyclobuxine and buxanine (Roberts and Wink 1998). These compounds are derived from
cholesterol skeletons and had medicinal use in ancient and medieval times (Ruatberts
Wink 1998). This slow-growing plant can reach up to ~15 feet in height, and clay and or
loamy soils are the most suitable for growth (Gilman 1999).

A few key pests attack boxwoods. LeafmiManarthopalpus flavus (Diptera:
Cecidomyiidae) infestations are particularly troublesome because sy yellowing
and blistering of the leaves, which diminishes the aesthetic value of boxwoods
(d’Eustachio and Raupp 2001a). Distortion of leaves is caused by a @aglid,buxi,
(Hemiptera: Psyllidae) which is another troublesome boxwood pest. Psylliddeedi
causes significant, visible damage by cupping of the leaves in which immetttines
pest develop. A few other pests such as various scale insects and a specialized
tetranychid, boxwood spider mite, may inflict significant damage (Johnson amd Ly
1991). Imidacloprid applications are commonly administered to control boxwood

leafminer and psyllid infestations (d’Eustachio and Raupp 2001b).
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Study system: OligonychusilicisMcGregor (Acari: Tetranychidae) and Cotoneaster

salicifolius Franch (Rosales. Rosaceae)

Herbivore. Southern red mite$). ilicis, are oligophagous pests with a
worldwide range (Jeppson et al. 1975). It is the most destructive and widespread
tetranychid pest of broad-leaved evergreens, and it attacks a variepnofrecally
important plants (Jeppson et al. 1975, Johnson and Lyon 1995). As their common name
suggests, southern red mites are red to purple in color, and lay eggs of a similar
coloration (Jeppson et al. 1975). They can complete their development in two weeks at
22-24° C and have multiple, overlapping generation during periods of their activity
(Jeppson et al. 1975). Feeding by these mites results in bronzing of the foliage,
especially along the mid-rib (Jeppson et al. 1975). Southern red mite prefers coole
season and aestivates as eggs during the summer months (Jeppson et al. 1975, Johnson
and Lyon 1995).0. ilicis was found to be most abundant in late spring and early fall in
Massachusetts and Kentucky (Jeppson et al. 1975, Potter and Kimmerer 1989).
Phytoseiids (Acarina: Phytoseiidae) are a key natural enemy of tties spite (Helle

and Sabelis 1985, Dicke et al. 1999, Roda et al. 2000)

Host plant. CotoneasterGotoneaster salicifolius) is a shrub commonly grown in
urban landscape. It reaches a maximum height of 0.3 m, has attractive darkayregn le
and produces abundant red berries in the winter months (USDA 2009b). It is native to
central Asia, and has escaped cultivation and become an invasive species in parts of
California and Hawaii (Starr et al. 2003). Cotoneasters are attacked by hawtieorn |

bugs,Corythuca cydoniae Fitch (Hemiptera: Tingidae), whose feeding may lead to
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severe discoloration of leaves and eventual leaf drop in high infestations (Schujtz 1983
This serious key pest is successfully controlled with imidacloprid (Gall. €999,

Szczepaniec and Raupp 2007).

Effect of imidacloprid applications on abundance of spider miteson elm trees and

boxwood shrubsin managed landscapes

Field experiment: EIm. To investigate how applications of imidacloprid applied to
the soil affected spider mite populations on elms, 18 elm trees were planted in acomm
garden at the University of Maryland Turf Research Farm in Collede Maryland in
May 2005. The trees were purchased from a nursery, and had a trunk diameter at breast-
height (DBH) of approximately 2.5 cm at the time of planting. They were Wwateted
as needed throughout each season, and received applications of 15 g of a stew-relea
fertilizer Osmocot® (N:P:K of 17:7:12) once a year. In a completely randomized block
design, nine elms were treated with imidacloprid (Mesitluble powder formulation,
750g of imidacloprid/kg, Bayer, Kansas City, MO) at the label rate of 1.4 tsp (~2 g) pe
2.5 cm DBH dissolved in 1L of water. Nine other elms were designated aatedtr
controls. | applied imidacloprid on 06/05/2006, and repeated the applications on
05/11/2007 and 05/19/2008.

Numbers active stages and eggs of the spider misehoenei, and other mites
were counted from June to September in 2007 and 2008. Four terminal leaves were
removed from two branches on each tree using hand and pole pruners. Foliage was
brought back to the laboratory in a cooler filled with ice where spider mites on bath side
of the leaves were counted using a dissecting microscope. To compute densitg,of mite

leaf area was measured using LI-31100C area meter (iBlosciences USA) and
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arthropod abundance was expressed as the number pef le@f area. Spider mites
feed by sucking out contents of plant cells, and their feeding has little effé@bmass
of the hosts unless populations reach extremely high levels. Thus, density oethe mit

was the most suitable parameter to detect fluctuations in mite abundance.

Field experiment: Boxwood. Responses d&. buxi to applications of imidacloprid
were evaluated on boxwood&,sempervirens, in a managed landscape on campus of the
University of Maryland, College Park, MD, U.S.A. Boxwoods in this garden were not
trimmed during the study and they received no supplemental water other than rad. | us
20 boxwoods that were approximately 0.6 m tall, and grew in rows separated by about
0.3 m between individual plants. The experiment was a completely randomized design
with two boxwoods between shrubs assigned to treatments serving as buffers. Ten plants
received imidacloprid and ten boxwoods were designated as untreated controls.
Imidacloprid was administered to the plants on 05/17/2005. Imidacloprid was applied as
a soil drench formulation (Mefiwater soluble powder, 750 g of imidacloprid/kg, Bayer,
Kansas City, MO) at the label rate of 1.4 tsp (~ 2 g) per 0.3 m of height dissol¥ed i
of water. Spider mite abundance was evaluated throughout the growing season in 2005
as described above, with the exception that mites on five leaves rather thaer®ur w
recorded. Leaf area was measured using LEC6831100C area meter and abundance

of mites was expressed as the number pérofieaf area.
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Effect of imidacloprid applications on abundance of spider mites on boxwoods and

cotoneastersin a greenhouse

Greenhouse study: Boxwood. This experiment was conducted at the Research
Greenhouse Complex at the University of Maryland, College Park, MD, U.S.A.
Containerized boxwoodB, sempervirens, measuring 0.3 — 0.5 m in height, were
purchased from a commercial supplier. Shrubs were potted in 3.7 L containers, they
were maintained at 18 — 22° C, and received approximately 0.2 L of water every day
delivered by drip irrigation. To evaluate how soil drench applications of imidacloprid
affected abundance of spider mites, 10 boxwood plants free of spider mitgsdecei
imidacloprid (Marathofisoluble powder formulation, 600 g of imidacloprid/kg, Bayer,
Kansas City, MO) at the high label rate of 0.33 g per pot dissolved in 0.1 L of water. Ten
other boxwoods were designated as untreated controls. Boxwoods in both treatments
were then interspersed with shrubs heavily infested with boxwood mite to create
infestations on experimental units. Imidacloprid was administered in Fel2@@8y and
numbers of boxwood mites were recorded four months later. Branch samples and mite

counts were obtained in the same manner described above for the field experiment.

Greenhouse study: Cotoneaster. This experiment was conducted at the Research
Greenhouse Complex at the University of Maryland, College Park, MD, U.S.A. Plant
material for this study was purchased at a retail nursery. Cotone@staiscifolius,
were in 3.7 L pots, and measured approximately 0.5 m in height. Plants were maintained
in the conditions described previously for boxwoods, and were watered every other day

with a hand-held hose until leaching was observed. Ten cotoneasters were randomly

16



assigned to receive imidacloprid and 10 were designated as untreated controls. The
insecticide was administered on 05/17/2005 as a soil drench formulation at the high dose
described on the label as described previously. Southern red @nitksis, were

recorded on treated and untreated cotoneasters in August by samplingrivalte

leaves from four branches chosen at random from each experimental unit. Bra@ches

not excised from cotoneasters, and a hand lens (10X, Hasting Triplet, Bausch & Lomb
was used to count spider mites and their eggs on both sides of each leaf. Spider mite

density was expressed as number of mites per terminal.

Statistical analyses

Results of the field experiments that spanned entire growing seasons were
analyzed using repeated measures model of analysis of variance (SAS 266&).bif
treatments interactions were statistically significant, then oneANDVA tests were
performed at each date of sampling, (Statistix 2005). For each of thégueen
experiments, normality of distribution was tested using a Shipiro-Wilk tast, a
homogeneity of variance was evaluated according to Levene’s teStA@¥8). One-
way analysis of variance was performed on data that were normally distréoud
homoschedastic. Abundance was compared using a nonparametric Kruskal — Wallace
test if assumptions of ANOVA could not be met by raw or transformed datan@tt a

Longnecker 2001).
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Results
Effect of imidacloprid applications on abundance of spider miteson elm treesand

boxwood shrubsin managed landscapes

Field experiment: EIm. Abundance of spider mites on elms differed between
treatments in both sampling years (Figure 1.1). In 2007, there was a significant
interactive effect of treatment and time = 9.17, P = 0.0012). Treated elm trees
housed more mites than untreated trees on two out of the three sampling dates in 2007
(Figure 1.1, Table 1.1). Similarly, in 2008 there was a significant treatmeimdéy
interaction on tetranychid abundance {#= 5.10, P = 0.0053 ) (Figure 1.1). With the
exception of the first sampling in Jule schoenei were more numerous on elms treated
with imidacloprid (Table 1.1).

In addition to tetranychid mites, elms housed three other mites that wareetgl
common. Phytophagous mites from the super family Eriophyoidea responded [yositive
to imidacloprid applicationg?eralox insolita Keifer (Acari: Diptilomiopidae) was
significantly more abundant on imidacloprid treated elms in 2007,€F11.57, P =
0.0023) and there was no significant interactive effect of time and treatment on
abundance of these mites ¢F= 2.64, P = 0.0922) (Figure 1.2. insolita were
significantly more numerous on treated elms only on the first sampling date (@&l
However, a trend for greater abundance on elms that received imidacloprahtqpli
continued throughout the season. In contrast, imidacloprid had no effect on eriophyids
during the following year (F32.= 0.01, P = 0.9232) (Figure 1.2). In 2008, eriophyid
mites were more abundant on control plants on the first sampling date (Table 1.1), while

the trend reversed one month later. In both years, eriophyid mites populaged tree
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greater numbers during June and July and decreased in the month of August and early
September.
Abundance patterns of another acarian, tydeid rhiteseopronematus anconai
Baker and_orryia sp. Oudemans (Acari: Tydeidae), was somewhat simil&: tasolita.
Majority of tydeids collected on the elms were in the spediesconai. In 2007, tydeid
mites were significantly more abundant on elms that received imidacloprg=(E.79,
P =0.0387), and there was no interactive effect of time and treatment on tydeid numbers
(F2,52=0.88, P = 0.4260) (Figure 1.3). Treated elms had consistently greater abundance
of tydeids in 2007 (Table 1.1). However, the effect of imidacloprid on these mites was
not repeated in 2008. Tydeids tended to be greater on treated trees on most dates, but the
difference between treatments was not significaptF0.01, P = 0.9363) (Figure 1.3).
In fact, mites were more numerous on untreated elms on the last sampling date.
Importantly, the opposite trend was observed for the effect of imidacloprid on
abundance of predatory mité&alendromus herbertae Chant andsalendromus
halvelous Chant (Acari: Phytoseiidae), which are key natural enemies of spitiey. 1G.
herbertae was more common of the two species collected. These species could not be
readily separated visually during the processing of samples, but the r@tibevbertae
to G. halvelous was approximately 8:1. In both sampling years, phytoseiid numbers were
significantly different between treatments ¢= 5.06, P = 0.0340,:h,=20.34, P =
0.0001 in 2007 and 2008, respectively) (Figure 1.4). In addition, interaction between
time and treatment was not significant in either yegagF2.03, P = 0.1529 ang =
3.70, P =0.217 in 2007 and 2008, respectively). In both years, the trend for higher

abundance of phytoseiids on untreated elms persisted throughout the season, and
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Galendromus sp. were significantly more abundant on two of the sampling dates in each

year (Table 1.1).

Field experiment: Boxwood. Boxwood spider mites responded in a pattern similar
to T. schoenei. Imidacloprid had a significant effect on abundanck. duxi (F; 72=
11.03, P = 0.0013) (Figure 1.5). However, in case of the boxwood mite, time and
treatment did not have an interactive effect on the spider mites€/0.63, P = 0.7310).
Mean numbers of the mite were higher on imidacloprid-treated shrubs on mphgam

dates. Mite abundance declined sharply in both treatments in mid-July.

Effect of imidacloprid applications on abundance of spider miteson boxwoods and

cotoneastersin a greenhouse.

Greenhouse studies. Boxwood and Cotoneaster. Abundance of boxwood spider
mites in the greenhouse differed significantly between treatments<E2.56, P =
0.0023) (Figure 1.6). Treated boxwoods housed a greater number of mites 4 mo after
imidacloprid was applied to the shrubs. Similarly, southern red spider mitesnwegze
numerous on cotoneasters treated with imidacloprigséF6.53, P = 0.0199) (Figure
1.7). O. iliciswere nearly 20 times more abundant on cotoneasters treated with

imidacloprid.

Discussion
Applications of imidacloprid to elms and boxwoods resulted in outbreaks of
tetranychid mites on plants treated in the field. Abundance of mites on imiddclopr

treated elms was ten-fold greater than on untreated plants on three sampbnavdat
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the course of the experiment. By mid-summer in both sampling years, deaEltie

schoenel on trees treated with imidacloprid surpassed those of untreated elms, and while
date of sampling had a significant effect on abundance of mites, it does not explain
elevated numbers of mites on treated plants.

While the magnitude of difference in abundance was not as pronounced as on
elms, spider mites on boxwoods also responded differentially to imidacloprid
applications. Additionally, numbers of mites on imidacloprid-treated boxwoods were not
dependent on date of sampling. buxi were significantly more abundant on treated
shrubs on all sampling dates past mid-July. Relative to the earlier samplingrdess
on untreated shrubs declined, while mean number of tetranychids on treated boxwoods
remained unchanged. Patterns of abundance of this mite suggests it is asmohseg
and imidacloprid-containing plants seem to provide better conditions for thisatac
the hotter, more humid environment of Maryland summers.

Perhaps the most important finding that helps untangle mechanisms leading to
outbreaks of spider mites after imidacloprid treatments are the resuleeahguse
experiments. On boxwoods and cotoneasters grown in the greenhouse, abundances of
buxi andO. ilicis were significantly greater when plants received applications of
imidacloprid. These plants housed elevated populations of mites from two gerera in t
relative absence of natural enemies. This provides strong evidence that whidé na
enemies may play a role in outbreaks; there is a strong bottom-up force\hatadri
positive response of mites to plants treated with the imidacloprid. Either iopdiacin
plant tissues affects mites directly, or it promotes changes in the cpfabiignts that

render it nutritiously more suitable or less defended.
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While there is only one study that found empirical evidence that imidacloprid
enhances spider mite fecundity directly (James and Price 2002), the lgerthitus
compelling support for the plant-mediated mechanisms of the outbreaks. Mostrecentl
Gupta and Krischik (2007) described rose plants that received three timdsethuoke
of imidacloprid with a greater total chlorophyll index, leaf nitrogen content,eaictea
than the untreated plants. While greater chlorophyll index translates intcsedrea
photosynthetic capacity of plants (Campbell and Reece 2002) nitrogen content has been
positively correlated with increased spider mite fecundity and shorter gevehval time
(Kropczynska-Linkiewicz 1984, Helle and Sabelis 1985, Wilson et al. 1988). In addition
to these studies, Tenczar and Krischik (2006) found poplar trees to have areshca¢as
of growth between one and four years after applications of imidacloprid. Moreover,
imidacloprid has been reported to have a positive effect on yield and growth rates of
cotton. Gonias et al. (2006) found that cotton treated with imidacloprid had increased
yield of 7% and elevated dry weight of 16%. In addition, it was later demonstnated t
imidacloprid-treated cotton had greater photosynthetic rates and chlorophyltinagex
untreated plants (Gonias et al. 2008). This response was amplified when plants
experienced temperature and water stress, suggesting that imidaclopndezhh
tolerance of cotton to stress, a possibility alluded to by Thielert (2006). Ipcstiamt to
note that the body of research cited here illustrates that applicationslatloprid may
promote changes in plant physiology that could be involved with outbreaks of spider
mites.

Imidacloprid also had an effect on populations of eriophyid ntesisolita.

Eriophyid mites are small (0.1-0.3 mm), spindle-shaped mites with two pairs of legs
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(Jeppson et al. 1975). They are phytophagous, and feed primarily on succulent plant
tissue causing fine stippling that coalesces into larger brown spots when jpogulat

reach high numbers (Jeppson et al. 1975). Some species secrete chemicalsghat chan
plants’ growth patterns resulting in galls and curling of leaves inside of whichitbe

feed and reproduce (Jeppson et al. 1975). There are three families in the slyperfami
Eriophoidea: Phytoptidae, Eriophyidae and Diptilomiopidae, and they are distributed
worldwide (Jeppson et al. 1975; Linquist et al. 1996; Childers and Achor 1999).
insolita (Diptilomiopidae) is a common vagrant on elm leaves and its feeding can result
in fine stippling, while another eriophyid mite attacking elBEspphyes ulmi Gar (Acari:
Eriophyidae) causes formation of small, thin galls on the upper side of leaves (Johnson
and Lyon 1991).

In this experiment, in addition to tetranychid outbreaks, an interesting trend for
increased numbers of eriophyid mites on treated elm trees emerged. Pretheusly
positive effect of imidacloprid applications on colonization of eriophyid riteria
tosichella Keifer, was reported on wheat (Harvey et al. 1998). Moreover, Raupp et al.
(2004), illustrated increased rust mite (Acari: Eriophyidae) damage and @nefcas
increased abundance of hemlock rust miieepella tsugifolia Keifer on imidacloprid-
treated trees. However, Raupp et al. (2004) also found no increase in rust mite abundance
in a second study. Similarly, a trend for greater abundance of eriophyiddbsesed in
a survey of arthropod fauna on imidacloprid-treated elms in a managed landscape in
Maryland (Chapter 2). In this study, however, eriophyids were more abundant on
imidacloprid-containing trees. Notably, in this as well as other studies, gidgpdo not

always respond to imidacloprid exposure consistently.
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Tydeid mites on elms follow abundance patterns similar to those of the edophyi
mite. Tydeid biology is not fully known, even though they are one of the most
commonly encountered family of mites on leaves (Walter and Beharti€t€li@99).
However,H. anconai, which was the most abundant tydeid collected, is known to feed on
eriophyid mites (Hessein and Perring 1986, Hessein and Perring 1988, Agallar et
2001, Kawai 2002, Mainul and Kawai 2003), wHilerryia sp. are plant and fungi
feeders (Jeppson et al. 1975, Mendel and Gerson 1982, Badii et al. 2001). On nearly all
of the sampling dates, imidacloprid-treated elms housed more tydeids thataghtre
trees. Increased incidence of these mites could be caused by gratdbiliavaf
eriophyid mites in case &f. anconai, or changes in quality of plants or fungal resources
in case of tydeids ihorryia sp. Effects of imidacloprid on interactions between tydeid
mites and their prey deserve a closer look in future research.

The results of my study indicated that applications of imidacloprid to elms might
harm phytoseiid mites. Most phytoseiids collected on the elms belonged to the Gpecies
herbertae , which is a selective predator of Tetranychidae (McMurtry and Croft 1997).
Phytoseiids responded fairly consistently in both sampling years. Theds seggjest
that either consuming prey that are toxic or exposure to foliage of treatsdisel
detrimental to this mite. Imidacloprid has been shown previously to have negative
impacts on abundance of phytoseiid mites (James and Coyle 2001, James 2003, Kimm et
al. 2005, Stavrinides and Mills 2009). Because phytoseiid mites are key predators of
spider mites (Helle and Sabelis 1985, Dicke et al. 1999, Roda et al. 2000), it is
conceivable that the release of spider mites from phytoseiid regulatiorbatedgrto mite

outbreaks.
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It is noteworthy, however, that Phytoseiidae respond ambiguously to exposure to
imidacloprid. There is one report of stimulated reproduction of a phytoseiid mite
exposed to sprays of imidacloprid. James (1997) reporte@tinhysei us victoriensis
(Acari: Phytoseiidae) laid more eggs in laboratory experiments whectlgiexposed to
imidacloprid sprays than its untreated counterparts. This experiment waploaitee
by other researchers, however, and remains the singular case of a ptisitivef e
imidacloprid on a phytoseiid mite.

Additionally, phytoseiids do not always suppress populations of spider mites in
urban settings. Ehler and Frankie (1979) found well developed communities of predatory
mites on oaks that were not able to prevent spider mite outbreaks in an urban landscape.
The authors suggested that mite outbreaks on these trees were related teeptant s
rather than release from natural enemies. Kropczynska et al. (1986) depsitalar
finding for populations of spider mites outbreaking despite an assemblage of pthytose
predators on lindens in Warsaw, Poland. Enhanced nutritional quality of lindens along
streets elevated fecundity Bbtetranychus tiliarum (Acari: Tetranychidae) and resulted
in subsequent outbreaks of mites. Additionally, a few studies report lack of ndmerica
response of phytoseiids to increasing prey availability. Such exampledancl
interactions betweeAmblyseius potentillae (Garman) (Acari: Phytoseiidae) amd
urticae on rose plants, andimblyseius ovalis (Evans) (Acari: Phytoseiidae) and
Tetranychus kanzawai (Kishida) (Acari: Tetranychidae) on maize (Halle and Sabelis

1985).
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Tables

Table 1.1. Results of analyses of variandgs and non-parametric Kruskal-Wallis test
(X2 (df)) comparing abundance of arthropods within each sampling date on imidacloprid
treated elms and untreated elms.

Date 6/13/07 8/01/07 9/01/07
Taxa Test P Test P Test P

T. schoenel X?=4.86 (1) 0.028X%= 9.85 (1) 0.002 X°=8.24 (1) 0.004

P. insolita Fii&= 18.52 0.001 f52.86 0.120 R0 0.952

Tydeidae K. 3.34 0.086 fi=4.64 0.042 X°=0.33 (1) 0.564

Galendromussp ~ X°=0.01 (1) 0.963 F=5.85 0.028 f=3.39 0.084

Date 6/24/08 7/21/08 8/11/08 9/11/08
Taxa Test P Test P Test P Test P
T. schoenel X?=1.84 (1) 0.175X°= 12.29 (1) 0.001 /& 15.43 0.001 X?= 11.68 (1) 0.001
P. insolita 1= 12.71 0.003 X?= 1.031 (1) 0.310X°= 0.049 (1) 0.825 1= 0.48 0.498
Tydeidae X°=0.03 (1) 0.859 fi=0.4 0.537 X°=0.2(1) 0.659 f 16.3 0.001

Galendromus sp X?= 0.66 (1) 0.418X°= 1.87 (1) 0.171 7= 10.130.006 X°= 12.80 (1) 0.001
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Figure 1.1. Abundance of. schoenei imidacloprid treated and untreated elms in College
Park, MD in 2007 and 2008. Black bars represent untreated controls while grey bars
represent shrubs exposed to the insecticide. Vertical lines representdstanaa of the
mean. Asterisks mark means that were significantly different witluh éate at P =

0.05.
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Figure 1.2. Abundance of an eriophyid mites on imidacloprid treated and untreated elms
in College Park, MD in 2007 and 2008. Black bars represent untreated controls while
grey bars represent shrubs exposed to the insecticide. Vertical [inesemet standard

errors of the mean. Asterisks mark means that were significantlyestiffevithin each

date at P = 0.05.
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Figure 1.3. Abundance of tydeid mites on imidacloprid treated and untreated elms in
College Park, MD in 2007 and 2008. Black bars represent untreated controls while grey
bars represent shrubs exposed to the insecticide. Vertical lines restaselard errors

of the mean. Asterisks mark means that were significantly different wilcimeate at P

=0.05.
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Figure 1.4. Abundance of predatory mites on imidacloprid treated and untreated elms in
College Park, MD in 2007 and 2008. Black bars represent untreated controls while grey
bars represent shrubs exposed to the insecticide. Vertical lines restaselard errors

of the mean. Asterisks mark means that were significantly different wilcimeate at P
=0.05.
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Figure 1.5. Abundance of boxwood spider mite imidacloprid treated and untreated
boxwoods in College Park, MD in 2005. Black bars represent untreated controls while
grey bars represent shrubs exposed to the insecticide. Vertical [inesemet standard
errors of the mean. Asterisks mark means that were significantlyestfesthin each

date at P = 0.05.
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Figure 1.6. Abundance oE. buxi on imidacloprid treated and untreated boxwoods in a
greenhouse. Black bars represent untreated controls while grey basemégreubs
exposed to the insecticide. Vertical lines represent standard errorsnoédime Asterisks
mark means that were significantly different within each date at P = 0.05.
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Figure 1.7. Abundance of southern red mit@.(licis) on imidacloprid treated and
untreated cotoneasters in a greenhouse. Black bars represent untreatezivebitérol
grey bars represent shrubs exposed to the insecticide. Vertical [inesemet standard
errors of the mean. Asterisks mark means that were significantlyestiffevithin each
date at P = 0.05.
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Chapter 2: Effects of imidacloprid on the community of arthropods
associated with elm trees and boxwood shrubsin the urban forest.

Abstract

Reports of secondary outbreaks of spider mites after applications of imidacloprid
to control an invasive pest, Asian longhorned beetle (ALB), prompted interest in the
effects of the insecticide on communities of beneficial arthropods. Elimmnatikey
predators of spider mites was suggested as the mechanism underlying the auttmeaks
evaluate the impact of imidacloprid on the assemblage of arthropods in general and
natural enemies in particular, the arthropod community on elm trees and boxwood shrubs
was compared between treated and untreated plants. In both study systems and across
locations, the arthropod community responded positively to imidacloprid applications.
However, high numbers of spider mites drove the response curves. Spider mites on elm
trees and boxwood shrubis,schoenel andE. buxi were significantly more abundant on
plants that received imidacloprid applications. Additionally, another phytophagajs mit
P. insolita (Acari: Eriophyoidea: Diptilomiopidae) tended to be more numerous on
imidacloprid-treated elms at one of the locations, but its response was noteransist
across the sampling years. In general, treated elms housed lower numbers of a
omnivorous tydeid mite (Acari: Tydeidae), while arthropods on boxwood responded
variably. Neither of the plant systems exhibited any evidence of detrineéfetzts of
imidacloprid on the community of beneficial arthropods. Abundance of a predator of
spider mitesGelendromus sp. (Acari: Phytoseiidae) did not differ significantly between

treated and untreated elm trees and varied between the two study sitesatieimof
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key predators of spider mites does not appear to be the sole mechanism underlying

secondary outbreaks of spider mites following imidacloprid applications.

I ntroduction

Attacks of invasive species of insects have always prompted serious measures
the part of government and local authorities to halt the spread of the pest (Invasive
Species Act 1999). A recent invasion of trees in several states in the Unitsdidytan
exotic cerambicid borer, the Asian long-horned beetle (AldBpplophora glabripennis,
Coleoptera: Cerambycidae) resulted in quarantines, removal of infestedree
preventive insecticide treatments in lllinois, New Jersey, New York arsdadhusetts
(USDA 1998, 2003, 2007, 2008). One of the most significant urban parks in the US,
New York City’s Central Park found itself at the heart of the battle aghiisshvasive
cerambycid. Between 2002 and 2007, thousands of elms were treated with a systemic
neonicotinoid insecticide, imidacloprid, as part of the Asian long-horned beetle
eradication effort (USDA 2007). While these preventative treatmenthaveyslowed
down the invasive pest’s progress, they had a surprising effect on another arthropod.
Abundance of a spider mit€&, schoenei, erupted on trees that received treatments of the
systemic insecticide, imidacloprid. Unusually high densities of this midtedsn
yellowing of the foliage and premature leaf drop.

Sudden outbreaks of pests following insecticide applications have been
documented in urban settings previously (Raupp et al. 1992, 2009). In 1975 Luck and
Dahlsten reported that mosquito-fogging programs resulted in increased abundance of
pine needle scal€&hionaspis pinifoliae through elimination of parasitoids that otherwise

successfully control this pest. A secondary outbreak of another scale insectaBurope
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fruit leucanium, followed application of an insecticide aimed to control filds-fMerritt
et al. 1983). Similar cases of increased abundance following insecticideatippb
were reported for citrus red mite, honeylocust spider mite, woolly whitediple scale,
citrus mealybug (Debach and Rose 1977, Sclar et al. 1998).

Despite imidacloprid’s selectivity and systemic mode of action, it has been
proposed that detrimental effects of imidacloprid on the community of naturalememi
may cause the outbreaks of spider mites (Sclar et al. 1998). Investigditions
imidacloprid and natural enemies found some evidence supporting the contention that
imidacloprid inflicts mortality and impairs foraging activity of key bicial insects.
Imidacloprid has been found to be harmful to certain species of anthocorids, catsinelli
lacewings, seed bugs, some parasitic wasps, such as Bracamidaphelinidagand
pentatomids (Mizell and Sconyers 1992, Stark et al. 1995, Sclar et al. 1998, Stapel et al.
1999, Elzen 2001, James and Vogele 2001, Lucas et al. 2003, Rebek and Sadof 2003).
James and Vogele (2001) also observed a reduction in the abundance of coccinellid and
neuropteran larvae four to nine weeks after imidacloprid was applied. Eatigss
focused on foliar applications of imidacloprid, but there are now reports of exp&ime
that examined the effects of imidacloprid when applied through the soil. Smith and
Krischik (1999) foundColeomegilla maculata (Coleoptera: Coccinellidae) that consumed
pollen of plants treated with soil application of imidacloprid experienced reduced
longevity, reduced general mobility, and increased time to first ovipositioore®sed
longevity and survival has also been shown in minute pirate@ugs(insidiosus,

Hemiptera: Anthocoridae) feeding on plants that received soil drench agpigcafi

imidacloprid (Sclar et al. 1998). The minute pirate bug is an omnivore, and it has been
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observed to eat and develop on plant tissue when prey are not available (Coll 1996,
Armer et al. 1998, Ferkovich and Shapiro 2004).

Notably, there is some evidence that imidacloprid may harm a key predator of
tetranychids, predatory mites in the family Phytoseiidae. Mortadifmblyseius
cucumeris (Oudemans) (Acari: Phytoseiidae) increased after application ofdlopdal
in a laboratory study (Kimm et al. 2005). Additionally, James (1997) demonstrated a
decrease in number of a predatory mite from the same genus following paliEasion
of imidacloprid in a field study conducted in an orchard. Notably, James (1997) also
found that in laboratory bioassays females of the predatory mite spréiied w
imidacloprid laid more eggs than unsprayed mites. When the predator was exposed to
ten-fold increase in imidacloprid, however, 34% mortality was observed. Thysvsasd
replicated in 2001, using two species of phytoseiid mite from a different genus,
Typhlodromus dossei andT. doreenae and included both laboratory bioassays and field
experiments using foliar applications of imidacloprid (James and Vogele 200th)s
experiment, fecundity of the predators was not monitored, and the authors reported no
effect of the insecticide on either predator species when imidaclopridppéed at the
label rate. At ten times the label rate, 19% mortality.aforeenae was observed, bt
dossei was not affected. Inconsistent reports on imidacloprid's toxicity to predattay mi
from different genera imply that the phytoseiid mites do not respond to imidacleprid a
uniformly as spider mites, which have been found to increase in numbers acrosstdiffere
genera within family Tetranychidea (Sclar et al. 1998, Gupta and K«i&66i7, Raupp

et al. 2004, 2008).
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Here, | investigate how imidacloprid applications alter the community of
arthropods in general. In particular, | was interested in determining hopréegtors of
spider mites responded to introduction of imidacloprid to plants they occupied. The
experiments were conducted using two plant systems common in urban landscape, elm
trees,U. americana, and boxwood shrub8, sempervirens. Experiments involving elms
spanned three years at two urban locations, in Central Park, New York, NY, and on
campus of the University of Maryland, College Park, MD. The boxwood study was

carried out in College Park, MD, and lasted one growing season.

M ethods

Structure of arthropod assemblage on elm treestreated with imidacloprid.

Central Park, New York, NY. A preliminary sample of elm trees in New York
City’s Central Park was conducted in 2004. Comprehensive studies of the community
structure in elm canopies and abundancg ethoenei on elms in Central Park were
conducted in 2005, 2006, and 2007. The experimental design in Central Park was
inherently challenging, because treatments were not randomly assigaquetimental
subjects. Since 2001, USDA-APHIS, US-Forest Service, State and City cooparat
New York designate elm trees for treatment with imidacloprid in CelRtred based on
their proximity to known infestations of ALB in Manhattan (USDA 2005). Three
insecticides with imidacloprid as the active ingredient were applied Z@i4 to 2006.
In 2004 the elms were treated with Imicide®HR.J. Mauget Co, Arcadia, CA, 10%
imidacloprid) delivered by trunk injections (4 ml per 2.5 cm DBH), while in 2005 and
2006 trunk injections of Imicide HP soil injections of Merit 75 WSP (Bayer, Kansas

City, MO, water soluble powder, 75% imidacloprid, 2 g per 2.5 cm DBH) and Barlit
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WSP (Bayer, Montvale, NJ, 75% imidacloprid, 2 g per 2.5 cm DBH), and soil drenches
of Bandif® 75 WSP (75% imidacloprid, 2 g per 2.5 cm DBH) were administered to elms
in quarantine area. Bandit5 WSP and Imicidewere applied to all treated elms in
2007. In 2004, 924 elm trees south of Greet were treated with imidacloprid and trees
north of 63" Street were untreated. In 2005, 2006, and 2007, the treatment zone shifted
north to 88 Street. The number of trees that received imidacloprid application in these
years was 4,806 in 2005, 4,866 in 2006 and 1,536 in 2007. In 2005, trees on an east-west
transect across the park north and south Bf®6eet were sampled. In 2006 trees on the
western boundary of the park alorfy8venue north and south of the treatment
demarcation line at 86Street were sampled, and in 2007 trees along the eastern
boundary along®Avenue north and south of the demarcation boundary were used in the
experiment. Each year ten elms were sampled from treated and untreatetiggepula
All elms used in the study were mature trees ranging in height from about 15 to 30 m.
Both treated and untreated elms bordered roadways or paths. We used only elms whose
foliage could be sampled from the ground by hand or pole pruners.

Elms were sampled five times in 2005, three times in 2006 and four times in
2007. In all years, four branches per tree were removed from each carditiahpdihe
excised foliage was brought back to the laboratory, where arthropods were counged us
a dissecting microscope. All arthropods on the two most terminal leaves werelgcounte
and natural enemies and their eggs were noted on three additional leaves occupying
position 3 — 5 on the branch’s terminus. To compute density of various taxa, leaf area

was measured using LI-31100C area meter (Li?@iosciences, USA) and arthropod
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abundance was expressed as the number gesfdeaf area. Arthropod abundance was

the dependent variable used for analyses.

University of Maryland, College Park, MD. Twenty elms in a managed landscape
lining a roadway on the campus of the University of Maryland, College Park, M® wer
used. Trees were mature and were approximately 4.5 m tall. Trees received no
supplemental water other than rain and no fertilizer was applied. The expesiaseat
completely randomized design with ten elm trees in each treatment. Tewearlens
designated as untreated controls, and ten elms received a single soil drenati@pplic
imidacloprid (Merif soluble powder formulation, 750g of imidacloprid/kg, Bayer,

Kansas City, MO) at the label rate 2 g per 2.5 cm DBH dissolved in 1L of.wate
Imidacloprid was applied on 06/09/2005, 06/05/2006, and 05/11/2007. Foliage was
collected from the elms and arthropod abundance was recorded as described above for
elm samples from Central Park. In 2005, | sampled trees once prior to applying
imidacloprid and five times following the applications. Arthropods were samplezl thre
times over the course of the growing seasons in 2006 and 2007. In all years, arthropod

abundance was used for analyses.

Structure of arthropod assemblage on boxwood shrubstreated with imidacloprid.

| compared the structure of the arthropod community between boxwoods treated
with imidacloprid and those untreated in a managed landscape on campus of the
University of Maryland, College Park, MD, USA. | used twenty boxwoods that were
approximately 0.6 m tall, and grew in rows separated by about 0.3 m between individual

plants. Boxwoods were not trimmed during the study and received no supplemental
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water other than rain. The experiment was a completely randomized desigwavit
boxwoods between shrubs assigned to treatments serving as buffers. Ten plants were
assigned to receive imidacloprid and ten boxwoods were designated as untreabésl cont
Imidacloprid was administered to the plants on 05/17/2005 as a single soil drench
application (Merif soluble powder formulation, 750 g of imidacloprid/kg, Bayer, Kansas
City, MO) at the label rate of 2 g per 0.3 m of height dissolved in 1 L of water.
Arthropods were passively sampled by pheromone-free sticky traps (Tmapct
and Monitor, EPA Est. #48377-NY-1, Model #288-1) placed throughout the boxwoods
and collected after they had remained on the plants for one week. Traps’ totaleadhes
area was 170 cimand each individual trap was cut into three pieces that were wrapped
around boxwood branches, sticky side out, and distributed throughout the canopy of each
experimental shrub. | surveyed plants once before the imidacloprid was appliedeand fi
times post-application, from June to September 2005. Arthropods were surveyed every
3-4 weeks. Insects and arachnids were identified in the laboratory usingcinsse
microscope. Insects were identified to family level where possible. Abuadénc

arthropods was the dependent variable used for analyses.

Statistical Analyses

To test and visualize how the community of arthropods responded to imidacloprid
treatment through time, | utilized a multivariate approach based on redundalysysana
a principle response curve (PRC) (Van den Brink and Ter Braak 1999, Dively 2005,
Prasifka et al. 2005). PRC is a constrained form of principle components analysis. It
performs weighted least-squares regression of values of inert and latabtegri

referred to as axes, extracted from the species abundance data on treathtiemnt.
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The weights are based on abundance of each taxon relative to its accumulation in the
control treatment, therefore, response of the sampled arthropod fauna is expressed as
deviation from the community in control treatment.

PRC vyields canonical coefficients. Coefficients depict deviation of alsdm
community from control. Values of the control treatments are graphed as\deserae
as a reference to treatment values. Treatment values are plotted @gainsh addition
to the PRC coefficients, the test specifies species scores for allthgae values
illustrate how each group fits the curve of the entire community response. sSyxwies
> 0.5 anck -0.5 are considered significant (Dively 2005, Prasifka et al. 2005).
Taxonomic groups with a significant positive score follow the pattern of PRC of the
sampled community, while groups with a significant negative score exhilatrpatt
opposite to that portrayed by the PRC. Taxa with scores negd).b and> -0.5) either
do not respond to treatment, or their response is different from the one depicted by the
PRC.

PRC also provides a quantitative test. Monte-Carlo permutations are used to test
for significance of the response curve. Riype test statistics is calculated and the
permutations produce 1,000 new data sets that are equally likely under a null hgpothesi
of canonical coefficients equaled zero. Significance is then computed based on the
proportion off values greater or equal to theralue of the original data set (Dively
2005).

PRC analyses and corresponding Monte-Carlo tests were performed over all
sampling dates in each year for elm trees and boxwood shrubs to examine how the

arthropod community responded to imidacloprid applications. CANOCO software (Ter
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Braak and Smilauer 2002) was used for the analyses. For the elm experimetts, whi
span over a three-year period, a separate PRC was generated for edicly yaap A
single taxon weight was generated for each arthropod by combining atatalfithree
years at each location. The species scores related the abundance pa#tehntaxon to
the PRCs in each sampling year (Prasifka et al. 2005). Mean number of arthropods per
cn? of leaf tissue was used in analyses, and data were log-transformed. aflermsut
were configured to occur between treatments, and sampling dates wenaesas
blocks.

Following PRC analyses, | analyzed the abundance of each taxon with a
significant species score at each site and year using repeatedeneasdel of ANOVA
with imidacloprid treatment as a fixed effect (SAS 2008, Statistix 2005). When
significant time by treatment interaction was detected, ANOVA werfopned at each
date to determine effects of imidacloprid on arthropod abundance (simple)effdetn
abundance of arthropods perZofi leaf area was compared between untreated and
imidacloprid treated plants. Square root transformations of the data wemersstf if
assumptions of homogeneous variances and normal distribution were not met. Non-
parametric Kruskal-Wallis tests were used if assumptions of ANOVA couldenot

achieved with transformations (Zarr 1999).

Results

Structure of arthropod assemblage on elm treestreated with imidacloprid.

Central Park, New York, NY. In each year, the abundance of arthropods on
treated trees in Central Park differed significantly from the abundaraséhodpods on

control trees (Table 2.1). Abundance was consistently higher on elms tre&ted wit
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imidacloprid (Figure 2.1). The first axes explained 10%-20% of variation, and the
second axis explained additional 1%-4% of variance. Time accounted for 9%-29% of
variance. The only 2 taxa that had significant species scores were the sf@dér m
schoenel, and tydeid mitesi. anconai andLorryia sp. The score of. schoenei was
positive. This indicates that its abundance increased on treated trees telatitreated
ones. Abundance of tydeid mites was lower on treated elms compared to untreated trees
While not significant, phytoseiid§alendromus sp., had a positive species score,
indicating a trend for higher abundance on treated elms. None of the other predators
known to feed on spider mites such as lacewings (Neuroptera: Chrysopidae) and spider
mite destroyers (Coleoptera: Coccinellidae) contributed to the responrse cur
Abundance of. schoenei was analyzed as a repeated measures analysis of
variance for each sampling year. There was a significant interaffece &
imidacloprid treatment and time on abundance of spider mites in all samplnsglgea
722= 24.14; P = 0.0001;57= 11.23; P = 0.0008;3ks= 4.52; P = 0.0177 in 2005, 2006
and 2007, respectively) (Figure 2.2). Comparisons of spider mite numbers within
sampling dates each year indicate that mites were more abundant ondheatiees on
one of the sampling dates in 2005 and 2 sampling dates in 2006 and 2007 (Table 2.2).
Imidacloprid applications and time did not have an interactive effect on tydeid
mites in 2005 and 2006 {F1.o= 0.99; P = 0.4173; and Iz= 0.13; P = 0.878,
respectively) (Figure 2.3). The insecticide did not significantly affecntites in the
first year of the study ¢R7s= 0.37; P = 0.5499). However, during the second year,
tydeid mites were more abundant on untreated elm tregg<(B2.16; P = 0.0001) and

this trend continued in 2007 (= 32.14; P = 0.0001). Abundance of tydeids was time-
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dependent in all sampling years, (fr.o= 34.62; P = 0.0001;,R7= 8.21; P = 0.0032; and

F3,16= 8.05; P = 0.0017 in 2005, 2006 and 2007, respectively).

University of Maryland, College Park, MD. In each year, the abundance of
arthropods on trees treated with imidacloprid was significantly higher tlean t
community on untreated trees (Figure 2.4; Table 2.1). The first and second axes
accounted for 6%-18% and 1%-5% of variance related to treatment, respectiiidy, w
22%-37% of variance was explained by the effect of time. The significant andgosit
species score df. schoend, indicated that the mites’ abundance followed the pattern
depicted on the PRC graph. The eriophyid nitensolita, also had significant and
positive species scores. Taxa with negative scores, the scale Engariccus spuria
Modeer (Hemiptera: Eriococcida@nd tydeid mited;1. anconai andLorryia sp.,
exhibited the opposite pattern and declined in numbers on trees that received applications
of imidacloprid. In the case &. spuria this is not surprising, as imidacloprid has been
documented to kill this scale (Sclar and Cranshaw 1996). Similarly to the Cerlcal P
site, none of the key predators of spider mites had significant taxa weiglytesdtid
mites G. herbertae andG. halvelous Chant, with over 80% of phytoseiids sampled
belonging toG. herbertae) had a negative species score at this site, which is opposite of
the trend observed in the New York site. Phytoseiids on Maryland elms were less
numerous on trees that were treated with imidacloprid.

Elm trees used in this experiment remained assigned to the same treatntent for t
duration of the study. Thus, repeated measures ANOVA was used to analyze tke data a

a continuous experiment that spanned a three-year period. There was a significant
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interactive effect of imidacloprid applications and time on spider mite abundancss(
=4; P =0.0335) (Figure 2.5). Spider mites were significantly more numerous on elms
treated with imidacloprid at the last two sampling dates within each(Vable 2.3).
Their abundance increased as the growing season progressed.

However, there was no detectable effect of imidacloprid application on the
abundance of eriophyid mites;(fs= 1.48; P = 0.2398) (Figure 2.6). Time was a
significant factor in determining eriophyid abundancg (hs= 76.60; P = 0.0001), and
it did not interact with imidacloprid treatment factoi{F 1s= 2.11; P = 0.1629). While
there was no clear trend for these mites to prefer treated elms in tisarimsting year, in
the two latter years. insolita tended to be more numerous on trees that received
imidacloprid applications

Another taxon that contributed to the response curve were the tydeid mites. They
were significantly more abundant on untreated elms{¥ 11.52; P = 0.0011) (Figure
2.7). Time also had a significant effect on the mites (2= 6.58; P = 0.0001), but there
was no interaction between the two factorg (fgs= 1.15; P = 0.3224). Whereas in 2005
tydeid abundance had no clear pattern, by 2006 and 2007 the mites were more numerous
on untreated elms.

Lastly, there was a significant effect of imidacloprid treatment anel tim
interaction on abundance of scale insects (k3= 5.82; P = 0.0001) (Figure 2.8). Scales
were significantly more abundant on untreated elm trees within each sampéng dat

2006 and 2007 (Table 2.4).
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Structure of arthropod assemblage on boxwood shrubstreated with imidacloprid.

Abundance of arthropods on boxwoods treated with imidacloprid was
significantly higher than on untreated shrubs (F = 4.940; P = 0.002) (Figure 2.9). The
first and second axes explained 29% and 6% of variation, while time accounted for 33%
of variance. A total of 45 taxa were identified, and arthropods with signifgeties
scores, that is a scoreD.5 andk -0.5, were reported and their abundance patterns further
analyzed. We trapped many scale insects as males and airborne immgéas;ecsiéed
crawlers, and these could not be identified to family. Thus, the level of suggrfami
Coccoidea, was used for this taxon. Arthropods that occurred on treated shrubs in higher
numbers and had a significant positive scores included boxwood spideriniies,
scale insects (Hemiptera: Coccoidea), mymarid wasps (Hymenopterarige), and
spiders (Aranea). Taxa with negative scores that were more abundant on untreated
boxwoods were encyrtid wasps (Hymenoptera: Encyrtidae), ants (Hymemnopte
Formicidae), collembola (Collembola), and the boxwood psy#sgila buxi Linn.

(Hemiptera: Psyllidae). None of the arthropods that contributed to the response curve
were spider mite predators.

Abundance of the dominant species, spider mites, was affected by a significa
interaction between time and imidacloprid treatmepty(E 2.46; P = 0.0390). Numbers
of E. buxi did not differ between treatments before application of the insecticide, while
imidacloprid-treated boxwoods housed significantly greater abundance sfimene
and July (Figure 2.10, Table 2.5). Numbers of mites in both treatments decreased with

time.
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Despite having significant species scores and abundance patterns tiiatteoht
to the response curve, repeated measures analyses of the remaining taxgield not
statistically significant differences (Table 2.6). Overall, saaedcts tended to be more
abundant on imidacloprid treated shrubs (Figure 2.11), and their numbers were
significantly greater on one of the sampling dates. Mymarid wasps¢RigLe ) also
showed a tendency for greater abundance on treated shrubs. Spider abundance did not
display a clear pattern for either treatment (Figure 2.13), but there iyeifecantly
greater numbers of spiders on boxwoods that received imidacloprid on the last sampling
date. Another parasitoid, an encyrtid wasp, was more abundant on untreated plants on
one of the dates (Figure 2.14), but was otherwise equally distributed amond arecte
untreated plants. Ants tended to be more abundant on untreated plants (Figure 2.15),
whereas treated boxwoods housed significantly fewer boxwood psyllids, a hemipteran

known to be susceptible to imidacloprid, on one of the sampling dates (Figure 2.16).

Discussion
Structure of arthropod assemblage on elm treestreated with imidacloprid.

In both New York and Maryland, the arthropod community on imidacloprid
treated elms was significantly different from the community on untreatesi(€igures
2.1, 2.4). The primary taxon driving this response at both location$.\se®ene and
their populations reached levels significantly higher on treated elms yeary
Maryland elms housed an assemblage of arthropods similar to the one in New York.
However, in Maryland | found a greater number of arthropods with a significgoines

to imidacloprid treatment (Figure 2.4).
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While there were several predatory and herbivorous arthropods collected, only a
few taxa significantly contributed to the general response curve in botloteat
Tetranychids were more numerous on treated elm trees in New York as\hegyr
season progressed, and this trend was consistent in all sampling yeaes ZR2yu The
magnitude of difference between treatments varied, and was largest in 200arl\gimil
in Maryland spider mites were consistently more abundant on treated elard]esg of
sampling year. Their numbers increased with time and the mites were mostrabunda
2007 (Figure 2.5).

Notably, there was no indication of decreased abundance of any key predators of
spider mites that could explain the explosion of mite numbers. Chrysopid larvae,
coccinellids and phytoseiids were collected from imidacloprid treated arehtedrelms
at both locations, but their abundance patterns did not contribute to the general response
curve, that is, they did not differ between treated and untreated elms (Figures 2.1, 2.4). A
few other researchers found that applications of imidacloprid had little orewt eff
predators of spider mites such as coccinellids, lacewing larvae, and joneslatees
(Sapute et al 2002, Kannan et al. 2004). However, in most studies imidacloprid was
found to be toxic to a myriad of natural enemies that came in direct or indirecttcontac
with the insecticide through residues on the surface or in plant tissues. Among these
beneficial insects were coccinellid beetles, predatory bugs, and preafatiesyMizell
and Sconyers 1992, Sclar et al. 1998, Smith and Kirschik 1999, James and Coyle 2001,
Studebaker and Kring 2003, James 2003a, James 2003b, Rebeck and Sadof 2003 ). Most
of these studies were performed under laboratory conditions, and discrepancesnbetw

results of our field study and research done by others may stem from femdam
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differences in the nature of field and laboratory experiments. Naturaiene the field
have an option to leave a plant or habitat and move to a more favorable location.
Moreover, alternative food sources uncontaminated by insecticide residy@saviae
beneficial arthropods with resources to sustain populations even on plants treated with
imidacloprid. Arthropods in microcosms in the laboratory are usually confined to the
experimental arena without alternative source of nutrition.

It is important that phytoseiid mites, which are key predators of spides,ndit
not respond consistently to imidacloprid treatments and increased prey abundaihee. Whi
phytoseiid abundance did not differ significantly between treatments,gtatpry mites
in New York tended to be more numerous on treated elms, while their abundance
exhibited an opposite trend in the experiment conducted in Maryland. EIm trees at the
Maryland site that received insecticidal treatments housed fewerggiigt mites than
untreated trees suggesting that plants or prey present on the elms weettoxic t
predator. Negative effects of imidacloprid to phytoseiid mites were egppreviously
(James and Coyle 2001, James 2003 (1), Stavrinides and Mills 2009). However,
exposure to imidacloprid is not consistently detrimental to phytoseiids. Ja8859 (
found females oA. victoriensis sprayed with imidacloprid to lay more eggs than their
unsprayed counterparts. Additionally, a ten-fold increase in imidacloprid dosededsul
over 30% mortality of the mites, suggesting that the reproductive stimulat®oauaed
by sublethal levels of the neonicotinoid.

It is difficult to link secondary outbreaks ©f schoenel to disruption of
phytoseiids. Patterns of abundance of the predatory mites were varidleeranited no

clear trend in response to imidacloprid or numberB. ethoenel. Other studies of mites
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in urban habitats have suggested that predatory mites play and important role in
suppressing populations of spider mites on trees along streets and in parks etBalder
(1999) found inverse density dependence for the spiderboige anychus tiliarum and
its phytoseiid predators on street trees in Berlin. On trees whelatq@re were
abundant, spider mites were relatively rare. Schneider et al. (2000) repoitad sim
findings in a separate study involviggtetranychus tiliarum along broad and narrow
streets in Berlin. Along narrow streets where lindens were interplanteater trees
and shrubs, predatory mites were common and spider mites were rare, wheiggas alon
broad avenues where no trees other than hosts were present, predatory miwewere r
and spider mites were extraordinarily abundant. In the Italian cities ob @othMilan,
greater diversity and abundance of predatory mites in parks and woods reduced the
abundance of spider mites on trees, while along avenues predators were raverahd se
species of spider mites reached outbreak status (Rigamonti and Lozzia 1999). Itis
noteworthy that phytoseiids do not always suppress populations of spider mites in urban
settings. Ehler and Frankie (1979) found well developed communities of predatory mites
in urban settings and suggested that mite outbreaks on oaks in cities werktoepdant
stress rather release from natural enemies. Kropczynska et al. (@98@¢d a similar
finding for populations of outbreaking spider mites on lindens in Warsaw, Poland. Here
enhanced nutritional quality of lindens along city streets elevated fecundityilbfrum
and subsequent outbreaks of mites.

Abundance of tydeid mites on treated elms in New York (Figure 2.3) mirrored
their abundance pattern in Maryland (Figure 2.7). Treated trees in 2006 and 2007 at both

locations tended to house fewer tydeid mitesanconai, which was the most abundant
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tydeid collected, is known to feed on eriophyid mites (Hessein and Perring 1986nHessel
and Perring 1988, Aguilar et al. 2001, Kawai 2002, Mainul and Kawai 2003), while
Lorryia sp are plant and fungi feeders (Jeppson et al. 1975, Mendel and Gerson 1982,
Badii et al. 2001). There is some evidence in the literature that imidaclogaieer

plants are less suitable for tydeids. Castagnoli et al. (2005) found that fgafndi

Tydeus californicus (Acari: Tydeidae) decreased significantly when mites were egpose

to a topical application of imidacloprid. Notably, tydeids were found to respond
positively to imidacloprid in another study (Chapter 1, Figure 1.4), suggesting that
additional factors may affect the response of this mite to imidaclopriccapphis.

Another taxon with a significant species scores at the study site indvidrydere
eriophyid mitesP. insolita. Imidacloprid-treated elms housed significantly more
eriophyids on two sampling dates (Figure 2.6). However, numbé&dmsgolita did not
show a consistent pattern of higher abundance on treated elms in Maryland. édaivey
(1998) reported that wheat curl mitégeria tosichella Keifer (Acari: Eriophyidae)
exhibited increased incidence of infestation of wheat treated with irotat but there
was no difference in the abundance of mites between imidacloprid-treated aadathtr
plants. Additionally, in an experiment conducted in a common garden described earlier
(Chapter 1, Figure 1.3F. insolita exhibited the same tendency for greater abundance on
elms that received application of imidacloprid. Thus, | conclude that imidatioary
exert the same effect on the eriophyid mites as it does on the tetranychigverdow
inconsistent responses Pfinsolita to imidacloprid applications warrant additional

studies.
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Lastly, imidacloprid had a significant effect on populations of the eriococcid
scalesE. spuriain Maryland (Figure 2.8). This scale is known to be susceptible to
applications of imidacloprid (Sclar and Cranshaw 1996), and these resultencibiidi
finding. After a relatively low abundance on treated and untreated elms in 2005, scale
numbers were significantly greater on untreated trees in 2006 and 2007, while
imidacloprid treated plants were virtually scale-free. The low numbers ceated trees
in 2005, could be explained by the age of the trees, which were not colonized by the

scales at the onset of the experiment.

Structure of arthropod assemblage on boxwood shrubstreated with imidacloprid.

As in studies of arthropod communities on elms, applications of imidacloprid had
a significant effect on arthropod fauna on boxwood plants. Elevated numlietsuzif
drove the shape of the response curve on imidacloprid treated shrubs. However, higher
numbers of spider mites on treated plants did not result in a proportionate response of key
predators of this mite. While predatory mites, ladybugs, dustywings (Conigiplizey
and lacewing larvae were collected on treated and untreated boxwoods, their abundance
did not significantly contribute to the shape of the response. Abundance of spider mites
on boxwoods before treatment with imidacloprid was not significantly differeahgm
plants, and was highest at the first sampling date post treatment (Figure 21 O
three subsequent sampling dates, spider mites were significantly more almmdant
treated shrubs and this pattern persisted from June until August. Notably, nuntbers of
buxi were relatively high on all boxwoods before imidacloprid was applied, and their
abundance declined on untreated boxwoods post-treatment, while it remained high on

treated shrubs. This indicates that imidacloprid affected quality of the boxw®ods a
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hotter, more humid conditions of the season developed. Gonias et al. (2008) found that
cotton plants treated with imidacloprid and exposed to temperatures rarmgmgadr39
°C had higher levels of photosynthesis and chlorophyll fluorescence compared to
untreated cotton. Additionally, the effect of imidacloprid on these parameteigreater
in plants under higher temperatures. The authors linked the response of cotton to
imidacloprid treatment to lower activity of glutathione reductase (GR),hwhia
detoxifying enzyme involved in plants’ response to stress (Cakman and Marschner 1992,
Foyer et al. 1995). Untreated cotton maintained at higher temperatures hadedveglser |
of GR, suggesting that plants treated with imidacloprid experience less(&osgas et
al. 2008). The pattern of abundancdobuxi seems to suggest that this may be the case
for boxwoods. Additionally, the second sample was taken only three weeks post-
treatment, exemplifying the rapid response of spider mites to applicationdacioprid.
Three weeks after imidacloprid was applied, boxwoods that received the imgectici
application housed approximately 80% more spider mites than the untreated shrubs
(Figure 2.10). Moreover, it appears that no predator in the boxwood — spider mite system
was able to respond numerically to high populations of spider mites. This lack of top-
down regulation has also been noted for other systems involving spider mites in urban
habitats such as the one in this study (Ehler and Frankie 1979, Kropczynska et al. 1986,
Balder et al. 1999, Schneider et al 2000)

Another taxon that was significantly affected by imidacloprid were scaéets.
Due to the sampling method used, it was not possible to distinguish between the effects
of treatment on different taxa of scales such as soft scales, which are knowarteelye

susceptible to imidacloprid (Sclar and Cranshaw 1996, Gill et al. 1999, Elbert et al
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2008), and armored scales, which are generally not affected by imidacloprid §8ddof

Sclar 2000). Negative effects of imidacloprid on encyrtids (Krischik et al. 2007) and

other important parasitoid of scales, aphelinid wasp, (Rebek and Sadof 2003) were shown
previously, suggesting that imidacloprid disrupts the dynamic between scdldsea
parasitoids. However, it is more likely that mature oak trees and other vegetati

growing near the study site were the source of scales collected orckiyerstps.

Additionally, the effect of imidacloprid on psyllidB, buxi may have had an
important impact on ants (Figures 2.15 and 2.16). Lower numbers of psyllids, which are
known to produce honeydew utilized by ants (Essig 1958, Basset 1991, Novak 1994),
could explain decreased abundance of ants on treated boxwoods. Importantly, this does
not indicate direct toxicity of imidacloprid-treated plants to formicaisl merely
suggests that due to elimination of a food source, ants did not associate with treate
boxwoods as much as with untreated ones. While there are known cases of negative
effect of imidacloprid on ants (Rust et al. 2004), ants do not respond consistently to
imidacloprid exposure (Kunkel et al. 1999, Zenger and Gibb 2001). Further investigation
of indirect effect of imidacloprid on ants through elimination of a food sourcedvzul
needed to conclusively assess ants’ response to imidacloprid in this system. .

Surprisingly, psyllids were more abundant on boxwoods that received
imidacloprid immediately following the application. Physiological dffgcsublethal
levels of imidacloprid on nervous system of insects, which manifests itselreaged
excitability and movement (Thorne and Breisch 2001, Joost and Riley 2005) could
provide a possible explanation for greater abundance of psyllids on treated boxwood

shortly after applications were administered. Lambin et al. (2001) found that heseybe
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exposed to low levels of imidacloprid exhibited increased motor activity, while the
movement was impaired at higher concentrations of the insecticide. Thus, random
movements of imidacloprid-intoxicated psyllids may have increased tlairreace on

sticky traps in the first weeks after treatment when imidacloprid lezelhigh enough to
affect behavior, but too low too inflict mortality. Psyllids were significatgss

numerous on treated boxwoods on the second post-treatment sampling, providing further
evidence that imidacloprid successfully controls this key pest of boxwoods (Young

2002).

Conclusions

The use of insecticides to eliminate pests has frequently been shown to have far-
reaching consequences to assemblages of arthropods (Roberts et al. 19&BdLuc
Dahlsten 1975, DeBach and Rose 1977, McClure 1977, Merritt et al. 1983, Dreistadt and
Dahlsten 1986, Morse et al. 1987, Amalin et al. 2001, Letourneau and Goldstein 2001,
Raupp et al. 2001, Marquini et al. 2002, Devotto et al. 2006, Frampton et al. 2007, Liang
et al. 2007). One of the most important of these consequences is an adverse effect on
natural enemies, which often contributes to primary and secondary outbreaks of
phytophagous arthropods (Roberts et al. 1973, Luck and Dahlsten 1975, DeBach and
Rose 1977, McClure 1977, Merritt et al. 1983, Dreistadt and Dahlsten 1986). It has been
argued that a systemic mode of action may mitigate negative effectsioidessbn
beneficial arthropods by reducing exposure (Mullins 1993, Sclar and Cranshaw 1996,
Gill et al. 1999). However, due to omnivory of some key predators, systemicarossti
present in plant tissues might place them at risk (Coll and Guershon 2002). A few of

these omnivores, such as lacewing larvae (Neuroptera: Chrysopidaeid.iaril
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Rosenheim 2001, Patt et al. 2003), and minute pirate bug (Hemiptera: Anthocoridae)
(Coll 1996, Armer et al. 1998, Coll and Guershon 2002, Ferkovich and Shapiro 2004) are
also important predators of spider mites (Reddy 2001, Rosenheim et al. 2004).

| predicted that if applications of imidacloprid reduced the abundance of key
predators of spider mites, then this could explain in part outbreaks of spiderThite
results of experiments described here do not support a change in the community of
predators as the mechanism behind secondary outbreaks of spider mites following
applications of imidacloprid.

In both elms and boxwoods, increased numbers of spider mites on plants treated
with imidacloprid were driving the response curve of arthropod community. The survey
confirmed the occurrence of outbreaks of tetranychids following imidacloprid
applications. The overwhelming abundancé&.aichoenei on treated plants did not seem
to arise from elimination of a single key natural enemy or obvious disruption of the
community of natural enemies. While it is well documented through laboratorgstudi
that imidacloprid is toxic to and impairs foraging ability of many key gt@d, | did not
find an absence or lower abundance of natural enemies to provide a satisfactory
explanation for dramatically elevated abundance of spider mites on trees sl shr
treated with imidacloprid. Lack of effect of imidacloprid on key predatofis sfhoenei
andE. buxi as well as other natural enemies provides additional supporting evidence that
mechanisms other than disruption of beneficial insects and arachnids is resgdonsible
secondary outbreaks of spider mites. Results of the boxwood study suggest that
imidacloprid affected quality of the plants as well. Moreover, the experiment

exemplified how introduction of imidacloprid may result in cascading effgzaning
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all trophic levels. Elimination of susceptible pests and increased abundance of other
herbivores may lead to restructuring of the arthropod fauna on host plants treateaewit
neonicotinoid. Given what is known about the unusually long residual activity of
imidacloprid in plants (Webb et al. 2003, Frank et al. 2007, Szczepaniec and Raupp
2007), imidacloprid’s impacts on food webs may have far-reaching and long-lasting

impacts.
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Tables

Table 2.1. Results of quantitative comparisons between communities of arthropods on
elms treated with imidacloprid and untreated elms.

Site Year F-value P-value
Univ. of MD, 2005 11.951 0.006
College Park
2006 16.580 0.002
2007 16.503 0.002
Central Park, 2005 11.274 0.01
New York
2006 16.103 0.002
2007 18.888 0.004

Monte-Carlo permutations were used to generate 1,000 new data sets and resolve
statistical differences between treatments. Sampling dates witthiryear were
designated as blocks.
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Table 2.2. Comparisons of abundanceTfschoenel on elms treated with imidacloprid
and untreated elms in Central Park, New York.

Date Test* df vdtue
6/09/05 F=0.950 1,18 0.3471
6/29/05 X?=0.052 1 0.8193
8/03/05 X? = 3.456 1 0.0630
8/26/05 F=28.75 1,18  <0.0001
9/16/05 X?=0.006 1 0.9397
6/21/06 F=2.380 1,18  0.1404

7/25/06 X2 =4.080 1 0.0009
9/08/06 X?=6.8961 1 0.0086
6/15/07 X?=0.1570 1 0.6919
7/03/07 X?=0.027 1 0.8686
8/08/07 X?=11.071 1 0.0009
9/26/07 F=2.60 1,18 0.1246

ANOVA was used to compare means between treatments (F-value). lipdissisnof
normal distribution and homogeneous variances were violated and could not be corrected
with transformations, a non-parametric test, Kruskal-Wallis, was 0&2d (
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Table 2.3. Comparisons of abundanceTfschoenel on elms treated with imidacloprid
and untreated elms in College Park, Maryland.

Date Test* df vilue
6/02/05 X%=7.286 1 0.0070
6/15/05 F =1.060 1,18 0.3168
6/27/05 F =0.240 1,18 0.6290
7/12/05 F=2.370 1,18 0.1418
8/15/05 F =18.730 1,18 0.0005
9/01/05 F =14.100 1,18 0.0016
6/14/06 X?=0.082 1 0.7749
7/31/06 X% =7.058 1 0.0079
9/19/06 F=5.430 1,18 0.0316
6/05/07 X?=0.197 1 0.6569
6/27/07 X?=6.242 1 0.0125
7/23/07 F =13.760 1,18 0.0016

ANOVA was used to compare means between treatments (F-value). lipdissisnof
normal distribution and homogeneous variances were violated and could not be corrected
with transformations, a non-parametric test, Kruskal-Wallis, was 0&2d (
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Table 2.4. Comparisons of abundancekafspuria on elms treated with imidacloprid and
untreated elms in College Park, Maryland.

Date Test* df vilue
6/02/05 F=0 1,18 1.0000
6/15/05 X?=0.167 1 0.6820
6/27/05 F =5.580 1,18 0.0303
7/12/05 F=0.480 1,18 0.4957
8/15/05 X?=3.717 1 0.0538
9/01/05 X2 =2.346 1 0.1256
6/14/06 X?=10.185 1 0.0014
7/31/06 F=7455 1,18  <0.0001
9/19/06 X?=15.249 1 < 0.0001
6/05/07 X?=9380 1 0.0022
6/27/07 X?=9.170 1 0.0025
7/23/07 X% =7.207 1 0.0073

ANOVA was used to compare means between treatments (F-value). lipdissisnof
normal distribution and homogeneous variances were violated and could not be corrected
with transformations, a non-parametric test, Kruskal-Wallis, was 0&@d (
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Table 2.5. Comparisons of abundancemfbuxi on boxwoods treated with imidacloprid
and untreated elms in College Park, Maryland.

Date Test* df vilue
5/05/05 E 0.090 1,18 0.7667
6/06/05 X2 =6.858 1 0.0088
7/06/05 X% =4.676 1 0.0308
7/25/05 X?=8.371 1 0.0038
8/19/05 X?=0.012 1 0.9136
9/15/05 X2 =0.002 1 0.9696

ANOVA was used to compare means between treatments (F-value). ljptissisnof
normal distribution and homogeneous variances were violated and could not be corrected

with transformations, a non-parametric test, Kruskal-Wallis, was (&@d

Table 2.6. Results of repeated measures analyses of most abundant arthropods on
boxwoods treated with imidacloprid and untreated boxwoods.

Taxon Main Effect Time*Treatment

Tetranychidae
Coccoidea
Mymaridae
Aranea
Encyrtidae
Formicidae
Collembola

Psyllidae

1Rs= 16.97; P = 0.0006
1Fs=1.76; P = 0.2016
F1s= 1.00; P = 0.3306
1Rs= 1.20; P = 0.2878
1Fis= 0.87; P = 0.3648
JFig= 0.49; P = 0.4913
F1s= 0.28; P = 0.6024
1Fis= 0.37; P = 0.5528

5/0= 2.46; P = 0.039(
5ko=1.76; P = 0.1298
5/ko= 1.00; P = 0.4225
5Bo= 0.39; P = 0.8565
5/Bo=0.24; P = 0.9484
5= 0.51; P = 0.7680
sFo= 1.10; P = 0.3687
5/o=0.58; P =0.7156
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Figure 2.1. PRCs and species scores of arthropod community on elm trees treated with
imidacloprid relative to untreated elms in Central Park, New York, NY. Glonas
graphed at O to distinguish it from sampled commurityalues indicate significance

level of comparisons between treatments within each year trees welecgamp
Arthropods with positive species scar€.5 followed the response pattern shown in the
PRCs, while groups with negative scered.5 showed the opposite response pattern.
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Figure 2.2. Comparisons of spider mite abundance between imidacloprid treated and
untreated elms in Central Park, New York, NY from 2005 to 2007. Black bars represent
untreated controls while grey bars represent trees exposed to the idsevttical

lines represent standard errors. Asterisks mark means that were arghjifdifferent

within each date at P = 0.05.

65



- Untreated E Imidacloprid

o~

(3]

5

= 030 . ,

B - . H

g 2005 12006 12007

£ : i *

=

c

.—

Q : ! *

Tz : |

5 020 - Lo | *

] * :

@ : *

= }

= |

T ;

[ * :

=i - |

S 0.10 3

F |

“— :

© 1

® ;

e :

< |

K 1

= :

s 0.00

. g & &§ & & & & & & & & ¢

< g & 9 L L5 5 L L L e 8
© & T s &N T § N S

Figure 2.3. Repeated measures analysis of variance (ANOVA) and one-way ANOV
comparing abundance of tydeid mites between imidacloprid treated and unétezged
Central Park, New York, NY from 2005 to 2007. Black bars represent untreated controls
while grey bars represent trees exposed to the insecticide. Verticaldpresent

standard errors. Asterisks indicate significant within-date differentgleid numbers P
=0.05.

66



— Control —&— Imidacloprid
1.20 2005 | 2006 | 2007

Species scores

2.566 [ Tetranychidae
0.635 | Diptilomiopidae
0.001 |- Saproglyphidae
0.001 |— Coccinellidae

L : -0.001 [ Chrysopidae
0.40 i i -0.022 |- Thripidae

i i -0.042 [— Cecidomyiidae

-0.074 — Aphidae
-0.397 [ Phytoseiidae
-0.867 [ Tydeidae
-1.760 | Eriococcidae

o

L)

S
I

0.00

PRC Canonical Coefficient

N\,

-0.40

%
6/5'/07 L
6/27/07 L
72310, -

9/1/05 L
9/19/06 L

6/2 /0 5

6/15/05 L
6/27/05 L
7/12/05 L
8/15/05 L
reag |
7/31/06 L

Figure 2.4. PRCs and species scores of arthropod community on elm trees treated with
imidacloprid relative to untreated elms on campus of the University of Marylahidg€
Park, MD. Control was graphed at O to help distinguish it from sampled community.
Arrows indicate dates on which imidacloprid was appRedlues indicate significance
level of comparisons between treatments within each year trees weledgamp
Arthropods with positive species scar€.5 followed response pattern shown in the
PRCs, while groups with negative scered.5 showed the opposite response pattern.
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Figure 2.5. Comparisons of spider mite abundance between imidacloprid treated and
untreated elms in a common garden at the University of Maryland, College Hark, M
from 2005 to 2007. Black bars represent untreated controls while grey bars represent
trees exposed to the insecticide. Vertical lines represent standasd ésberisks mark
means that were significantly different on each

date at P = 0.05.

68



o

‘t I untreated 1 imidacloprid

(3]

5

-E 4 : ‘

5 2005 | 2006 2007

. 3 i

o * 3

t |

o 3 r |

) |

e |

@ 1

o |

= :

= |

T 2 r ‘;

b :

N = H

o E

2 i

= H

w i

5 1 g

) ;

1] :

= H

[ :

= :

S 0 :

£ %] o o o o n ] @0 o M N S

< ST 8§ R § § £ § R O§ 8% 82 %
§ £ 5 8§ 8 s T 5 2 LS8 8

$ @& N o s N & $ N

Figure 2.6. Repeated measures analysis of variance comparing abundance of ériophyi
mites between imidacloprid treated and untreated elms in a common garden at the
University of Maryland, College Park, MD from 2005 to 2007.Black bars represent
untreated controls while grey baepresent trees exposed to the insecticide. Vertical lines
represent standard errors. Asterisks mark means that were sighyfaiferent on each

date at P = 0.05.
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Figure 2.7. Repeated measures analysis of variance comparing abundance of tydeid
mites between imidacloprid treated and untreated elms in a common garden at the
University of Maryland, College Park, MD from 2005 to 2007.Black bars represent
untreated controls while grey bars represent trees exposed to the idsevttical

lines represent standard errors. Asterisks mark means that werearghyfdifferent on
each date at P = 0.05.
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Figure 2.8. Comparison of the abundance of eriococcid scale insects between
imidacloprid treated and untreated elms in a common garden at the University o
Maryland, College Park, MD from 2005 to 2007. Black bars represent untreated controls
while grey bars represent trees exposed to the insecticide. Asteriskseaars that

were significantly different on each date at P = 0.05. Vertical lines repres@dard

errors. Asterisks mark means that were significantly different on eagladg@t= 0.05.
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Figure 2.9. PRCs and species scores of arthropod community on boxwoods treated with
imidacloprid relative to untreated boxwoods on campus of the University of Maryland,
College Park, MD. Control was graphed at O to help distinguish it from sampled
community. The arrow indicates the date on which imidacloprid was applied.
Arthropods with positive species scar®.5 followed the response pattern shown in the
PRCs, while groups with negative scered.5 showed the opposite response pattern.
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Figure 2.10. Abundance ok. buxi imidacloprid treated and untreated boxwoods in
College Park, MD. Black bars represent untreated controls while grey bassergpre
shrubs exposed to the insecticide. Vertical lines represent error barssk&steark
means that were significantly different within each date at P = 0.05.
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Figure2.11. Abundance of scale insects on imidacloprid treated and untreated
boxwoods in College Park, MD. Black bars represent untreated controls whileagsey
represent shrubs exposed to the insecticide. Vertical lines represetiaestoksterisks
mark means that were significantly different within each date at P = 0.05.
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Figure2.12 Abundance of a parasitoid wasp, Mymaridae, on imidacloprid treated and
untreated boxwoods in College Park, MD. Black bars represent untreated cohii®ls w
grey bars represent shrubs exposed to the insecticide. Vertical [inesenet error bars.
Asterisks mark means that were significantly different within eachald®e= 0.05.
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Figure 2.13. Abundance of spiders on imidacloprid treated and untreated boxwoods in
College Park, MD. Black bars represent untreated controls while grey basergpre
shrubs exposed to the insecticide. Vertical lines represent error barssk&steark

means that were significantly different within each date at P = 0.05.
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Figure 2.14. Abundance of an Encyrtid wasp on imidacloprid treated and untreated
boxwoods in College Park, MD. Black bars represent untreated controls whileagse
represent shrubs exposed to the insecticide. Vertical lines represetiagstoAsterisks
mark means that were significantly different within each date at P = 0.05.
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Figure 2.15. Abundance of ants on imidacloprid treated and untreated boxwoods in
College Park, MD. Black bars represent untreated controls while grey bassergpre
shrubs exposed to the insecticide. Vertical lines represent error bigsskssmark
means that were significantly different within each date at P = 0.05.
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Figure2.16. Abundance oP. buxi on imidacloprid treated and untreated boxwoods in
College Park, MD. Black bars represent untreated controls while grey basergpre
shrubs exposed to the insecticide. Vertical lines represent error barask&steark
means that were significantly different within each date at P = 0.05.
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Chapter 3. Plant-mediated and direct effects of imidacloprid on
reproductive performance of Tetranychus schoenei (Acari:
Tetranychidae) and Eurytetranychus buxi (Acari: Tetranychidae).

Abstract

One of the hypothesized mechanism to explain outbreaks of spider mites that
follow applications of imidacloprid was direct stimulation of mites’ fecundigarlier
studies provided evidence both supporting and refuting this hypothesis. To examine if
imidacloprid changes reproductive performance of mites, | investigatedgmiweadions
of the insecticide to plants and directly to mites affected their fecunflischoenei and
E. buxi were exposed to imidacloprid-treated elms and boxwoods, respectively.
Additionally, the spider mites were sprayed with imidacloprid and then offereshtedr
foliage. Results of the experiments indicate consistently higher fecundityho$jeties
of mites after consuming imidacloprid-treated plants, while their lohgexmnained the
same between treatments. Spider mites sprayed with imidacloprid did not exghibit hi
fecundity than their untreated counterparts, suggesting that the effectiatlioprid on

spider mite fecundity is mediated by changes in the quality of plants.

Introduction
Hormoligosis is a phenomenon in which sublethal amounts of a chemical or
other stressor found harmful when administered at high dose stimulates growth,
accelerates maturation, or increases reproductive abilities of aopartihwhen present at
a lower dose (Luckey 1968, Morse 1998). Previously, hormoligosis has been suggested

as a key mechanism responsible for outbreaks of mites following the applicht
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imidacloprid (James and Price 2002). A response that is expected in the case of
hormoligosis is #-curve, where growth, fecundity or other fithess parameters of the
arthropod increase at lower doses of the chemical, reach a peak and then gradually
decrease with increasing levels of the agent (Calabrese and Baldwin T&@®)curve
response of mites to increasing doses of imidacloprid has not been demonstrated and a
level of imidacloprid detrimental to mites has not been identified. Thus, isseene
appropriate to use a different term to refer to enhanced fecundity of mitegeéxpos
imidacloprid. Cohen (2006) suggested Pesticide-Induced Homeostatic Modulation
(PIHM) as a more appropriate definition of direct stimulation of non-target @mani

such as mites brought about by exposure to insecticides.

There are numerous reports of PIHM of mites in the literature. Saini and
Cutkomp (1966) and Dittrich et al. (1974) reported that DDT increased oviposition and
resulted in female-biased ratio in spider mites. Methyl carbamate appic had a
stimulatory effect on spider mites as well (Dittrich et al. 1974, Boykin aptnGall
1982, Costa et al. 1988, Calabrese 1999). Another insecticide class, pyrethroitix] affec
tetranychids in a similar way. Application of synthetic pyrethroids redutt higher
fecundity, female-biased ratio, decreased generation time and delayed eligiaers
and Hall 1984, Jones and Parella 1984, Costa et al. 1988, Gerson and Cohen 1989,
Ayyappath 1997). McKnee and Knowles (1984) found that mites exposed to pyrethroid
insecticide exhibited increased respiration and restlessness.

Little is known about the exact mechanism of direct stimulation of arthropod
reproduction by pesticides. One of the possible pathways that could result in ihcrease

feeding rate and greater fecundity is a positive change in plant nutritidnalfedowing
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insecticide application (Rodriguez et al. 1960, Saini and Cutkomp 1966, Boykin and
Campbell 1982, Mellors et al. 1984). Gupta and Krischik (2007) found that rose plants
treated with imidacloprid had elevated levels of chlorophyll and increadeat éza

relative to untreated plants indicating a shift in the allocation of resoufeasspotted
spider mitesTetranychus urticae (Acari: Tetranychidae), were more abundant on plants
treated with imidacloprid. In another important study, tomato plants tre#ted w
imidacloprid were probed more often by thripsankliniella occidentalis,

(Thysanoptera: Thripidae), than untreated plants (Joost and Riley 2005). Another
possible mechanism by which insecticides might elevate fecundity of arthrgpanas
increase in oocytes produced by the ovaries. Elevated oogenesis was suggested by
Lemos et al. (2005) for stinkbugs exposed to sublethal levels of permethrin. However,
there are no rigorous experiments that would uncouple cause-and-effechsbligti
between greater numbers of eggs from increased feeding rate. Increpgation and
enhanced locomotion were observed in spider mites exposed to a pyrethroid insecticide
(McKnee and Knowles 1984)

Because of known cases of direct stimulation of reproduction of spider mites by
various insecticides, a plausible mechanism underlying outbreaks of mitegrigllow
imidacloprid applications was insecticide-induced increase in fecundityesJamd Price
(2002) suggested hormoligosis as the mechanism of outbreaks of twospotted sp&ler mit
in hops. James and Price (2002) presented evidence that imidacloprid administered as a
foliar spray or soil drench affected mites directly by stimulating fieeindity and, in
the case of treatments that involved soil applications of imidacloprid, alsosimgeaite

longevity. More importantly, James and Price (2002) evaluated the effectemtal
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treatment of mites with the insecticide. Mites in this treatment weod@und to
produce more eggs than untreated females. Notably, in studies involving direct exposur
imidacloprid was applied to spider mites on leaf disks, and did not account for plant-
mediated effects in this experiment. Another group of scientists, who repeatesalad
Price's study, did not find any effect of imidacloprid on spider mite fecu(ty et al.
2004). This result was consistent when different staifis wfticae resistant and
susceptible to acaricides were used in experiments as well (Ako et al. 2006).

| investigated direct and indirect (plant-mediated) effects of ictogaid
applications on fecundity of a spider mites found on elmsshoenel and boxwood
spider miteE. buxi. | exposed spider mites to plants that received treatments of
imidacloprid through a soil drench. In addition, | administered topical applicatitwe of t
insecticide to the mites to account for indirect, plant-mediated effectsdzaloprid on
the number of eggs laid by the mites. By eliminating the plant factor, | hoped to
determine if a direct or plant-mediated PIHM was contributed to elevated popslat

mites exposed to imidacloprid.

Methods
Fecundity of T. schoenei exposed to imidacloprid in elm treesand through atopical

application.

Source of experimental mites. Each growing seasoff, schoenei were collected
from naturally infested elm trees in Central Park, New York, NY, and elnseon t
campus of the University of Maryland, College Park, MD. To obtain females of known
age, | removed all adult females from the excised foliage using a fine paimtb8pider

mites remaining on the leaves were kept in open Petri dishes (Bal&ix15mm) with
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moistened filter paper (Whatmanl25mm), and covered with fine mesh held in place by
a rubber band. These plates were placed in slightly closed plastic bags eddnstor
Percival growth chamber at 23 + 2 °C and 16:8 L:D and 60 + 10% relative humidity.
The colony was inspected daily and mature females were used in subsequent
experiments. This protocol was repeated before every bioassay to gésmaades of

known age.

Plant-mediated effect of imidacloprid on mite fecundity. To evaluate how
applications of imidacloprid through the soil affected spider mite fecundity, 18esy t
U. americana, were planted in a common garden at the University of Maryland Turf
Research Farm at College Park, Maryland in May 2005. The trees were pufobased
a nursery, were uniform in size and age, and had a trunk diameter at breast-tgt)t (D
of approximately 2.5 cm at the time of planting. They were hand-watered as needed
throughout each season, and received applications of 15 g of a slow-releazerfertili
Osmocot& (N:P:K of 17:7:12) once a year. In a completely randomized block design,
nine elms were treated with imidacloprid (M&sbluble powder formulation, 750 g of
imidacloprid/kg, Bayer, Kansas City, MO) at the label rate of 1.4 tsp (p2rg}.5 cm
DBH dissolved in 1 L of water. Nine other elms were designated as @cti@attrols.
Imidacloprid was administered on 06/05/2006, 05/11/2007, and 05/19/2008.

| evaluated fecundity of mites consuming leaves of elm trees treated wit
imidacloprid in late August and September 2007. A single female of known age was
placed in a Petri plate (Falcdr60 x 15 mm) containing an excised leaf from an

imidacloprid-treated or untreated elm. To ensure that spider mites did not ésca
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the arena, | used the bottom of the 60 mm plate and used the top of a 35 mm plate as a
lid. The two plates were kept tightly closed with 2 large-sized metal botiger(Figure

3.1). Each plate contained a moistened filter paper (Wh&tm&rbmm). The plates

were kept in slightly closed plastic bags and maintained at 23 + 2 °C and 16:8 L:D and 60
+ 30% relative humidity. Eggs were counted daily for each female until deathaus
dissecting microscope. Females were moved onto newly collected faliagevi

microcosms every other day. The experiment consisted of nine replicates@nd ni
subsamples. Subsamples consisted of females assigned to each replicateroSguar
transformations were performed to correct for heteroskedasticity of déétime

fecundity and longevity of mites were analyzed using ANOVA (Ott and Lokgnec

2001, SAS 2008).

Direct effect of imidacloprid on fecundity of spider mites. To determine if
imidacloprid affected fecundity of mites directly, | administered topipplieation of the
insecticide tdl. schoenei females in September 2007. To this end, | used methods
described by James and Price (2002). A Potter Spray Tower was used to apply 2 ml of
flowable formulation of Admir8 (2 g of imidacloprid/L, Bayer, Kansas City, MO) at 50
kPa, resulting in a mean deposition of 1.6-1.8 mg of liquid pér éemales of known
age were collected from the colony maintained in the laboratory, moved onto fresh
untreated leaves, and were then sprayed with imidacloprid or with distilled wter
treatment, the leaves and mites were allowed to dry for 20 min before raresneved

to new, untreated leaves for analysis of performance.
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Performance of. schoenel females that received sprays of imidacloprid or
distilled water was assessed in the following way. Thirty treated ang uhireated
females were randomly assigned to arenas containing leaves frontetheima trees
growing in a common garden on campus of the University of Maryland, College Park,
MD. Foliage from these untreated trees served as food for the mites, and mgesicha
every other day. Using experimental arenas described above with temperngtutres, |
cycles, and humidity of 23 + 2 °C and 16:8 L:D and 60 + 30% respectively, | counted
mite eggs produced from the first day of exposure until death of the mite. The
experiment was replicated 10 times for each of the three different untiesgtedor a
total of 30 replicates across blocks for each treatment. Square root tratisftsmere
performed to correct for heteroskedasticity of data. Lifetime fecuadd longevity of

mites were analyzed using ANOVA (Ott and Longnecker 2001, SAS 2008).

Fecundity of E. buxi exposed to imidacloprid in boxwood shrubs and through a
topical application.
Source of experimental mites. Boxwood spider mites were collected from

naturally infested boxwoods with no history of insecticide exposure during the previous
five years growing on the campus of the University of Maryland, College Park, MD.
Mites were moved to containerized shrubBssempervirens, var. Varder Valley in 3.7 L
pots purchased from a commercial supplier and kept year-round at the Uyiokrsit
Maryland Greenhouse facility located in College Park, MD, USA. Boxwoods were
maintained at 22 °C and 18 °C during the day and night respectively, with ambient

humidity and L:D cycle of 16:8 h Plants received approximately 200 ml of watemonce
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day through drip irrigation. Mite colonies sustained on these boxwoods were used in all
subsequent experiments.

To obtain females of known age, | collected boxwood mites from plants in the
greenhouse and removed all adult females from the excised foliage using fine
paintbrushes. Spider mites remaining on the leaves were kept in open Petri dishes
(Falcorf, 150x15 mm) with moistened filter paper (Whatfat25 mm), covered with
fine mesh held in place by a rubber band. Plates were placed in slightly plastc
bags and stored in a PerciVgrowth chamber at 23 + 2 °C and 16:8 L:D and 60 + 30%
relative humidity. The colony was inspected daily and mature femaleseveosed and
used in subsequent experiments. This protocol was repeated before every binassay t

generate spider mite females of known age.

Plant-mediated effect of imidacloprid on mite fecundity. To evaluate how
applications of imidacloprid applied to boxwoods as soil drenches affected spieler mi
fecundity, | treated ten boxwood plants free of spider mites with imidacloprid
(Marathor? soluble powder formulation, 600 g of imidacloprid/kg, Bayer, Kansas City,
MO) at the high label rate of 0.33 g per 3.7 L pot dissolved in 100 ml of water. Ten other
boxwoods were designated as untreated controls. The insecticide was applied
approximately six weeks prior to the onset of experiments.

| compared fecundity of mites consuming boxwood leaves treated with
imidacloprid to those consuming untreated leaves by placing a single spidémate
of known age in a Petri plate (Faléi0 x 15 mm) containing either an excised leaf

from an imidacloprid-treated plant or a leaf from an untreated plant. Expesiraeshas
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described above were used in this experiment (Figure 3.1). The plates were kept in
slightly closed plastic bags and maintained at 23 £ 2 °C and 16:8 L:D and 60 + 30%
relative humidity. Individual female fecundity was followed until death. Egge wer
counted daily with the aid of a dissecting microscope. | changed Petri disheswaal m
females onto newly collected foliage every other day. The experimensigmhef ten
replicates with the experimental unit being a boxwood shrub that received imid&clopr
or was an untreated control. Nine spider mite females were assayed ora@acmgl
were considered subsamples. Square root transformations were performedctdarorre
heteroskedasticity of data. Lifetime fecundity and longevity of mites &ealyzed using

ANOVA (Ott and Longnecker 2001, SAS 2008).

Direct effect of imidacloprid on fecundity of spider mites. To determine direct
effects of the insecticide on mite fecundity, | administered topical @pjoircof
imidacloprid toE. buxi females as described above and in James and Price (2002).
Females of known age were collected from the colony maintained in the laboratory a
moved onto fresh leaves, which we sprayed with imidacloprid or with distilled.water
After treatment, leaves and mites were allowed to dry for 20 min before wete
moved to untreated leaves for analysis of performance as described above.retaty t
and 30 untreated females were randomly assigned to arenas containindrteavbasee
untreated boxwoods grown in containers in the greenhouse in conditions described
previously. Three boxwoods were used as blocks to control for potential effects of plant
variation. The experiment was replicated 10 times for each of the three untheated s

for a total of 30 replicates across blocks for each treatment. Square rootrinatisios
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were performed to correct for heteroskedasticity of data. Lifetaoenidity and longevity

of mites were analyzed using ANOVA (Ott and Longnecker 2001, SAS 2008).

Results
Fecundity of T. schoenel exposed to imidacloprid in elm treesand through atopical

application.

Plant-mediated effect of imidacloprid on mite fecundity. Spider mites that
consumed foliage from imidacloprid treated elms laid significantly mggs ghan
females feeding on untreated plantsig= 4.93;P = 0.042) (Figure 3.2). Average
lifetime fecundity increased from 21.12 (£ 1.93) to 29.01 (x 2.69) when the spider mites
were offered leaves from imidacloprid-treated elms. Mites also showeddafor
increased longevity when exposed to leaves from treated elms; howevesntheds
not statistically significant ;5= 1.54;P = 0.2335). T. schoenei exposed to the
insecticide lived on average two days longer than mites feeding on leawvesiftreated
elms (16.18 £ 1.21 and 14.69 + 1.14 on leaves from imidacloprid-treated trees and

untreated controls, respectively). However, this difference was not sagrtifi

Direct effect of imidacloprid on fecundity of spider mites. There was no
interaction between the blocks (untreated plants used as food) and treatmpent (F
1.5821; P =0.2073). Thus, data across the three blocks were combinedT.When
schoenei received topical application of imidacloprid or water and then were offered
leaves from untreated elms, their average lifetime fecundity did not ditiseée
treatments (Fsgs= 0.5254P = 0.4685) (Figure 3.3). Spider mites that were sprayed with

imidacloprid laid an average of 37.60 (x 4.20) eggs during their lifetime, while their
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unsprayed counterparts produced 36.40 (+ 3.63) eggs. As in the previous experiment,
longevity of mites was not significantly enhanced when exposed to imidaclBpgid(
1.45;P = 0.2285) and mites lived an average of 16.01 = 1.86 and 15.17 + 1.46 days for
imidacloprid-treated mites and untreated females, respectivelys Mithis experiment
were recorded to lay more eggs than females in the previous study that exaemted pl
mediated effects on fecundity (21.12 + 1.93 to 29.01 * 2.69 eggs per female). The
previous study was conducted by multiple researchers due to a large samplbitze

the direct effects of imidacloprid on mite fecundity were examined by an dgilvi
scientist, which could explain discrepancies between reproductive parfoeshin the

two experiments.

Fecundity of E. buxi exposed to imidacloprid in boxwood shrubs and through a
topical application.

Plant-mediated effect of imidacloprid on mite fecundity. There was no interactive
effect of time and treatment on spider mite fecundifys4E 0.02; P = 0.915) or longevity
(F128= 3.08; P = 0.0910). Thus, data from experiments conducted during the span of
three months were combine#. buxi that consumed boxwoods treated with imidacloprid
laid significantly more eggs than mites that ate foliage of untreaa@tspir 5= 5.19; P
= 0.0305) (Figure 3.4). Their average lifetime fecundity was 18.98 (+ 1.023) on the
insecticide-treated boxwoods, whereas mites on untreated foliage laid an aferage
15.039 (+ 1.39) eggs. Females’ longevity, on the other hand, did not differ between the
two treatments (Fs= 0.11; P = 0.7398) (Figure 3.4. buxi exposed to imidacloprid
through boxwoods lived for 13.42 (x 0.717) days, while females on untreated shrubs

lived an average of 14.1 (£ 0.9) days.
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Direct effect of imidacloprid on fecundity of spider mites. There was no
interactive effect of block and treatmens g-= 0.9471; P = 0.5813), and data across the
three blocks were combined. Whgnbuxi were exposed to imidacloprid through direct
contact of an insecticide spray, their fecundity was not affected<M.01; P = 0.915)
(Figure 3.5). Females in both treatments laid approximately 18 to 19 eggs during thei
lives (18.27 £ 1.023 and 19.193 + 1.9 for imidacloprid-sprayed mites and untreated mites,
respectively). Boxwood spider mites that received topical application of ilojfat
lived for 12.72 (x 0.8) days, and their longevity was comparable to that of their
counterparts sprayed with distilled water, who lived 13.761 (+ 1.39) &&ys.0547;
df = 1; P =0.8151) (Figure 3.5). Similar to the elm experiments, boxwood mites that
were directly sprayed with imidacloprid were recorded to lay more eggshn bot
treatments than mites exposed to imidacloprid through foliage. Due to a large sample
size, experiments examining plant-mediated effects of imidacloprid andyg of
spider mites required employing a sizable group of researchers. wggbinicians with
varying degree of skill and experience could have been the source of the digesepan

reproductive performance of mites in the two studies.

Discussion
Imidacloprid had a positive effect on mite fecundity when present in the plant
tissue. Mites that consumed leaves from imidacloprid-treated elmsnagdta30% more
eggs than their counterparts on untreated foliage. The increase in fecundity could not be
attributed to a longer lifespan, since there was no difference in how Ieolgoenei

lived in either treatment. Similarly, foliage from boxwoods treated wittaotoprid
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enhanced fecundity of the boxwood spider mite, while the insecticide had no effect on
reproductive performance of mites when it was applied as a topical spragased
longevity did not account for higher lifetime fecundity in this case either, becaitss

in all treatments lived for a comparable number of days.

These parallel results provide support for imidacloprid’s role as mediatog of t
nutritional quality of foliage as food for spider mites. This change ultim#atahglates to
enhanced reproduction in spider mites that could explain dramatically higher nwhbers
mites on plants treated with imidacloprid.

This experiment provides evidence for imidacloprid-induced homeostatic
modulation (Cohen 2006) @t schoenel andE. buxi, and further supports conclusions
drawn by James and Price (2002). However, in contrast to James and Price’s (2002)
study, when mites were directly exposed to imidacloprid, their fecundityimechthe
same as that of mites not sprayed with the insecticide. This outcome providesa cl
the mechanism through which imidacloprid affects mite fecundity. It apfesrs
imidacloprid does not affect the mites directly, rather, it has an indirect, pkditted
effect.

Our results are in accord with earlier reports of insecticides promotinmgesan
the quality of plants (Rodriguez et al. 1960, Saini and Cutkomp 1966, Boykin and
Campbell 1982, Mellors et al. 1984). Changes in quality of plant associated with
pesticides could result in greater feeding by herbivores and concomitamicen
reproduction. Furthermore, insecticides are known to have positive effects on plant
growth (Pless et al. 1971, Wheeler and Bass 1971, Chelliah and Heinsrich 198G Mellor

el al. 1984) suggesting a mechanism by which insecticides improve plany qnallit
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indirectly enhance fecundity of phytophagous arthropods. Another route by which
insecticides may influence plant physiology and render plants a more stot@iblsource
for herbivores is through disruption of defense pathways. Although hypothesized, this has
not been extensively documented (Hardin et al. 1995). If imidacloprid exerts one or more
of these effects on plants, then mites could feed more, lay more eggs, and increase in
number dramatically.

There are a few reports in the literature connecting imidaclopnfiieence on
plant physiology to pest outbreaks. Imidacloprid decreased activity déthgification
enzyme, glutathione S-transferase, in rice cultivar (Wu et al. 2003), which Imas bee
linked to increased fecundity and resurgence of a pyralid moth boring in&ieios,
Tryporyza incertulas (Wang et al. 2005). Rice plants also showed higher content of
soluble sugar (Wu et al. 2003), and this translated into higher sugar and lipid content of
F1 generation of planthoppefdilaparvata lugens (Hemiptera: Delphacidae) feeding on
imidacloprid-treated rice (Yin et al. 2008). Gupta and Krischik (2007) recemWyded
evidence that plants treated with imidacloprid may prove more nutritious to hesivor
In their experiment, roses that received granular and soil drench formulattithres
insecticide at different doses had a significantly higher chlorophyll comganhtarea and
nitrogen concentration than untreated plants. Additionally, outbreaks of twospotted
spider mite,T. urticae, were observed on roses that received imidacloprid at
concentration three times higher than the label rate. This report provides another
documented case of secondary outbreaks of spider mite and exemplifies the importance
of further examining the extent to which imidacloprid drives changes in planbjdgys

resource allocation, and affects non-target herbivores. Moreover, extendagches
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beyond measuring the differences in plant growth and defense to include the srashani
underlying these differences between imidacloprid treated and untreatéeslvpila
provide a more complete picture of factors that create outbreaks of mites.

| found evidence of imidacloprid-mediated increases in spider mite fegundit
when the herbivore consumed leaves of plants treated with imidacloprid. However, the
guest to find direct effects of imidacloprid on spider mite fecundity failed.efhsehat
changes in the quality of plants are the driving force behind secondary outbreaks of
spider mites. Literature reports support the notion that imidacloprid has enoeffine
physiology of plants, exemplified by increased growth rate (Tenczar aschiei2006),
higher chlorophyll indices and leaf area (Gupta and Krischik 2007), and increelsed y
(Gonias et al. 2006, 2008). This stresses the importance of more in-depth ineestigati

of the roles that imidacloprid may play in plant-herbivore interactions.
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Chapter 4. Differential expression of genesinvolved in inducible
defense pathwaysin tomatoes treated with imidacloprid

Abstract

Effects of applications of imidacloprid and herbivore feedireyr anychus
urticae Koch, Acari: Tetranychidae) on expression of selected genes regulated by
jasmonic acid (JA) and salicylic acid (SA) were examined. Tomato p&ohésum
lycopersicum, were established as a model organism by confirming the occurrence of
spider mite outbreaks and documenting differential reproductive performancesfomit
tomatoes treated with imidacloprid. Expression patterns of jasmonic acide@#fxted
genes for cathepsin D inhibitor (CDI), proteinase inhibitor | and 1l (PI-IRink) and
salicylic acid (SA)-modulated genes for pathogenesis-related psd®éi and P4 (PR-P6
and PR-P4) were compared using reverse-transcriptase polymerase atteon (&T-
PCR). CDI and PR-P6 showed differential expression in plants treated with
imidacloprid. Tomatoes that did not receive imidacloprid application expressed higher
levels of CDI than imidacloprid-treated tomatoes, and this response wasnddepef
the herbivore presence. Expression of PR-P6 was elevated when untreatedsomat
were exposed td. urticae, but was suppressed in tomatoes that were exposed to
imidacloprid and mites. Expression of the remaining genes was comparalrig a
treatments. Significance of these results to understanding the mechanistyinmder

spider mite outbreaks following application of imidacloprid are discussed.
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I ntroduction

Imidacloprid-driven changesin plant growth and yield. It has long been known
that insecticides affect plant physiology (Pless et al. 1971, Wheeler and Béls
Chelliah and Heinsrich 1980). A few recent reports suggest that new classes of
insecticides such as neonicotinoids exert changes in plant physiology aReadhtly,
Gupta and Krischik (2007) found rose plants that received three times the label dose of
imidacloprid had a greater total chlorophyll index, content of leaf nitrogen, anarésaf
than untreated plants. Additionally, Tenczar and Krischik (2006) described a case of
poplar trees that exhibited an increased rate of growth between one and fouraftenths
applications of imidacloprid. In earlier studies, imidacloprid was reported tovebsi
affect yield and growth rates of cotton. Gonias et al. (2006) found that cotton that
received applications of imidacloprid had increased yield of 7% and elevateeidiyt w
of 16%. In addition, imidacloprid-treated cotton had greater photosynthetic rates and
chlorophyll indices than untreated plants (Gonias et al. 2008). This response was
amplified when plants experienced elevated temperatures and limitecsuggessting
that imidacloprid enhanced tolerance of cotton to stress, a possibility alluded to by
Thielert (2006). These findings illustrate that applications of imidaclopridbadiynked
to changes in plant physiology. Enhanced growth and yield suggest that applichtions
imidacloprid lead to differential allocation of resources, which could provitieea@

untangling the mechanisms leading to outbreaks of spider mites.

Plant defense theory. Theory of plant defense has evolved numerous times since

its birth in 1950's (Stamp 2003). Many hypotheses that have emerged over the years
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differ in some aspects, but all acknowledge that investment in defenss esm cost to
other plant functions (Stamp 2003). One favored hypothesis, Growth-Differ@mtiati
Balance (GDB) hypothesis, recognizes that plants must balance rasosedefor
competition and those used for defense against herbivores. These importéineselec
forces shape the evolution of a plant's patterns of resource allocations(Biedriviattson
1992). The hypothesis states that since growth is highly nitrogen-demanding, aad plant
need to grow in order to compete for resources, when faced with high availafihty
limiting resource plants choose to grow. If photosynthesis increases in amnemafitt

rich in resources, then both growth and secondary metabolism benefit. Howewver, whe
photosynthesis remains constant with increasing availability of nutrieotstigis

favored over differentiation. As a result, fewer resources are allocatgathesis of

defense compounds that are expressed constitutively (Herms and Mattson 1992, Stamp
2003).

GDB theory has been well supported for constitutive defenses (Herms and
Mattson 1992, Glynn et al. 2003, Stamp 2003). It is not clear, however, if changes in
availability of limiting nutrients also govern the expression of inducible dedendech
are less costly to produce. Herms and Mattson (1992) suggested that induced responses
should be highest in fast-growing plants and plant tissues, for they are the strongest
photosynthesis sinks and rich in photosynthetic products. However, literature offers
mixed support for this theory. A study by Glynn et al. (2003) illustrates the dralgon
expression of inducible defenses by plants exposed to a range of resources.t @lynn e
(2003) investigated whether high levels of fertilization affected rapid inducednss

(RIR) of poplar trees against two lepidopteran pests. They found that plants in the high
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nutrient treatment elicited a strong RIR in response to herbivory by the gygblsy This
follows a prediction by Herms and Mattson (1992) regarding inducible defenses & plant
By contrast, trees in a low nutrient environment had high levels of RIR when dxpose
tussock moth (Glynn et al. 2003). In this case, inducible response followed a pattern
predicted for constitutive defenses by the GDB theory. The fact that resjpdpsasts
depended on the type of herbivore rather than on nutrient regimen suggested ad@rge ran
of adaptive phenotypic plasticity of plants with respect to expression of inducible
defenses (Baldwin 1999, Agrawal et al. 2002). The literature offers exaofiseslies
where fertilization resulted in both strong and poor elicitation of RIR. Hunter and
Schultz (1995) found that applications of fertilizer to oak trees decreased theibladuc
defenses to sap-sucking and gall-forming insects. Mutikainen et al. (2000), howeve
reported that fertilized silver birches exhibited strong RIR to a geahmatih.

While it is not entirely clear if the expression of inducible pathways pésdhe
predictions of GDB theory for constitutive defenses, there are examplegpbattsthis.
It is thus possible to hypothesize that if plants treated with imidacloprid graaater
rate than untreated plants, according to the GDB theory fewer resourcesilaideaia

direct to constitutive and possibly inducible defenses.

Jasmonic acid: its effect on spider mite performance and rolein plants. Patterns
of expression of jasmonic acid (JA), a defense hormone induced by cell-coaténgfe
herbivores such as mites is a plausible route to explore potential effevigadtloprid
on plant defenses. Importantly, there are several reports of JA affectingftrenpace

of mites in a way similar to imidacloprid. For instanteyrticae performed better on
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tomato plants genetically engineered to be deficient in their ability toesinthJA
(Walling 2000). Moreover, Thaler et al. (2002) reported a decrease in the mfmber
spider mite eggs on tomato plants following foliar applications of JA, while @tvadr
(2000) was able to induce resistance to a spider mite with foliar applicatién dafhe
application of exogenous JA decreased spider mite fecundity in this experimental.Li
(2002) and Ament et al. (2004) investigated the impact of the JA-mediated response on
spider mite performance further. Performance of the spider Tniteticae, which
consumed tomato plants lacking genes required for expression of JA was enhanced whe
compared to plants expressing the phytohormone. However, there is a discrepancy
between the two studies: Li et al. (2002) found that spider mite feeding and fgcundit
were increased on mutant plants, while Ament et al. (2004) found that fecundity did not
differ between the treatments. However, egg viability was higher whes nohsumed
mutant plants. Nonetheless, both research groups present reports of a diretiocorre
between JA deficiency and increased mite performance that in turn cowld affe
population size.

Jasmonic acid and its derivatives are ubiquitous in plant tissues (Taiz and Zeiger
2002). Jasmonate, a cyclic oxygenated fatty acid, is synthesized through the
octadecanoid pathway. Membrane-bound linolenic acid is released into cytoplasm and
converted to 12-oxo-phytodienoic acid in the chloroplasts though a multi step enzymatic
process involving lipoxygenase, allene oxide synthase, and allene oxide ¢ielarse
and Sanchez-Serrano 1999). 12-oxo-phytodienoic is then converted to JA through a
series of oxidations in peroxisomes (Leon and Sanchez-Serrano 1999). JA sigmaling ¢

be induced by developmental cues, osmotic stress, wounding, elicitors such as wounding,
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and potassium levels (Turner et al. 2002, Armengaud et al. 2004). Proteins, whose
expression is enhanced by JA are thionin, a fungal defense protein (Bohlmann et al.
1998), plant defensins 1 and 2, which are involved in antimicrobial defense (Gfeller and
Farmer 2004), and proteinase inhibitor, which is involved in inhibition of herbivore
feeding (Bergey et al. 1996). Another result of JA signaling was eludidgtapplying
exogenous jasmonate. Foliar applications to tomato and potato plants were found to
increase levels of polyphenol oxidase, an enzyme thought to promote plant resistance
against insect herbivores (Thaler 1999, Thaler et al. 2002). Furthermore, methyl
jasmonate applied to tobacco plants stimulated expression of nicotine, a powerful
defensive chemical (Baldwin 1998).

The phytochemical JA is involved in regulation of plant growth and development
and leaf senescence (Bell et al. 1995, Reymond and Farmer 1998, Gfeller aad Farm
2004, Lorenzo et al. 2004 ). Initially, JA was described as a senescence-pgomoti
substance (Leon and Sanchez-Serrano 1999, Thaler 1999). This view was supported by
reports of the hormone's involvement in promoting leaf senescence in rice and
Arabidopsis thaliana plants (Hung and Kao 1997, and He et al. 2002). The molecular
bases of JA-related leaf senescence was investigated in potato and tobascaupdiait
was shown that JA inhibits growth by affecting one of the checkpoints of mitokig (Ul
et al. 2002, and Swiatek et al. 2004). In case of potato plants, the activity agskepr
of cyclin-dependent kinases was found to be down-regulated by JA (Ulloa et al. 2002).
The fact that JA interferes with activity of cyclin-dependent kinasesesjib direct and

crucial role in controlling growth of plants.
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Involvement of JA in defense pathways, has been widely studied (Baldwin et al.
1998, Baldwin 1999, Thaler et al. 2004). Expression of 67-84% of genes involved in
defense is mediated by jasmonates, and activation of these genes is not dependent on
whether the feeding herbivore is a specialist or a generalist (CdalieFarmer 2004,
Reymond et al. 2004). A large pool of knowledge of JA's role in defense came from
experiments that involved applications of exogenous jasmonate and using transgenic
plants unable to synthesize JA. Defense-inducing properties of foliar afplgcatithe
phytohormone were observed to reduce herbivory of leaf miners (Black et al. 2003),

thrips, aphids, caterpillars and flea beetles (Thaler 1999).

Slicylic acid (SA) and SA and JA cross-talk. JA pathways are known to interact
with salicylic acid (SA), another phytochemical vital to a plants’ respankerbivores.
SA is synthesized in plants from phenylalanine that is converted to trans-aradi
through decarboxylation and then hydroxylated to SA (Lee et al. 1995, Shah 2003).
Accumulation of SA induces systemic acquired response (SAR) in plants thatisdlire
against pathogens (Lee et al. 1995, Datta and Muthukrishnan 1999, Walling 2000, Shah
2003). SAR regulates expression of pathogenesis-related (PR) proteins. i8¥divied
in countering fungal, viral, and bacterial attack, but it is also eliciteglsiponse to
herbivore wounding (Datta and Muthukrishnan 1999, Walling 2000). Exposure to
feeding by spider mites for example, has been shown to elicit expression of 8Rsprot
(Walling 2000, Li et al. 2002, Ament et al. 2004).

Evidence of cross-talk between the two phytochemicals is well-suppbades

et al. 1995, Walling 2000, Gatehouse 2002, Heidel and Baldwin 2004). SA has been
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shown to down-regulate expression of Pls regulated by JA (Doares et al. 1996gWalli
2000, Gatehouse 2002, Heidel and Baldwin 2004), while JA is known to elicit
accumulation of PR proteins independently of SA (Penninckx et al. 1996, Pieterse and
van Loon 1999, Schaller et al. 1999, Walling 2000, Choh 2004).

The complicated interactions between the two pathways and the fact that
wounding by spider mites stimulates expression of defensive proteins rddudieth
JA and SA underlined the need to examine differential expression of genes telgulate
both phytochemicals. To this end, | investigated the effect of imidacloprid apmio©n
expression of selected genes, whose transcription is known to be up-regulateeiby spid
mites (Li et al. 2002, Ament et al. 2004). Genes regulated by JA, Cathepsin D Inhibitor
(CDI), Protease Inhibitor I (PI-1) and Protease Inhibitor Il {}land genes coding for
proteins in the SA pathway, Pathogenesis-related Protein P6 (PR-P6) and Pathogene
related Protein P4 (PR-P4) were chosen.

CDlI, PI-l and PI-1I are protease inhibitors, and interfere with herbivores’
digestion of plant tissues (Gatehouse 2002, Lizon et al. 2006). They belong to the group
of proteins inhibiting serine protease that have been widely studied (Sanctes Ser
al. 1986, Clevelend et al. 1987, Ryan 1990, Ritonja et al. 1990, Ryan 2000, Walling
2000, Lizon et al. 2006). PI-l and -1l are active against chymotrypsin and trypsin and
chymotrypsin respectively (Ryan 1990, Datta and Muthukrishnan 1999), while in
addition to inhibiting serine proteases, CDI also inhibits an aspartic protetdmsgsta D
(Ritonja 1990, Lizon et al. 2006).

While serine proteases have been well-studied, relatively less is known about the

PR family of proteins. Proteins are included in the PR family if their egfme is
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induced by SAR pathway (Datta and Muthukrishnan 1999). The PR-P4 are chitinase
proteins | and Il without lysozomal activity and are thought to be employedbisas
they attack fungal and bacterial walls (Datta and Muthukrishnan 1999). Thdgare a
expressed in tomatoes attacked by spider mites (Li et al. 2002, Ament et al. 2004).
Lastly, PR-P6 is a family of PR proteins related to tomato protease inHiardrinhibits

serine proteases (Datta and Muthukrishnan 1999).

Tomato as the model system for imidacloprid-mediated disruption of defenses.
There are a few crucial similarities in the effects that both iohaghaid and jasmonic acid
have on spider mites. Responses of tetranychids to plants treated with imidacloprid
resemble responses seen in plants deficient in JA. A model org&lamym
lycopersicum, was used to investigate changes in JA mediated plant defense associated
with applications of imidacloprid. The objectives of this research were twofaist, IF
attempted to establish that the same phenomena illustrated for woody ornaraatgal pl
namely outbreaks of mites and differential fecundity, hold true for the tomatonsyste
Finding the link between the model system and woody ornamentals was éssentia
extrapolate possible disruption of defenses in tomato back to trees and shrubs growing
landscapes. Second, | wanted to examine if expression of selected genes &mima)
related, salicylic acid (SA) pathway were affected by imidaclopplieation. Genes
involved in SA were used in the experiment as well because of known cross-talkrbetwee
the two pathways (Traw and Bergelson 2003, Thaler et al. 2002, Heidel and Baldwin

2004).
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Methods
Study system: Tetranychus urticae Koch (Acari: Tetranychidae) and Solanum

lycopersicum (Solanales. Solanaceae)

Herbivore and itsbiology. T. urticaeis a generalist pest attacking a wide
variety of plants. These spider mites' hosts include over 900 species of plamés (Wal
and Proctor 1999), and damage inflicted by these mites can cause signdicarme
loss to agriculture and ornamental plant production (Huffaker et al. 1969, Helle and
Sabelis 1985). The mites overwinter as adult females, and go through four
developmental stages before becoming a fully mature mite: egg, larvactehniaed by
three pairs of legs, protonymph and deutonymph (Helle and Sabelis 1985, Evans 1992,
Walter and Proctor 1999). Development from egg to adult is correlated to temperature
and humidity with higher temperatures and lower humidity resulting in shorter
development time (Helle and Sabelis 1985). Eggs are deposited on the surface of the
leaf, usually the underside, or on and inside webbing produced by mites at high densities

T. urticae feeds by puncturing mesophyll cells and sucking out the cell
contents (Helle and Sabelis 1985). Their feeding damages spongy mesofs#yll cel
although damage in the palisade layer has been observed at high mite densitiks a
(Evans 1992). There have been reports of toxic properties of mite saliva asseEIB4
(Simon 1964), and other reports supporting this claim followed (Avery and Briggs 1968,
Andrews and LaPre 1979). More recently, it has been shown that elicitors inliade sa
stimulate the cascade of plant defense responses (Dicke et al. 1993, Tsthkiadiagla

2000, Walling 2000, Janssen et al. 2002). Feeding by spider mites elicits release of
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kairomones such as methyl salicilate, linapool, and (3E)-4-8-dimethyl4ig8atriene
(Evans 1992).

Spider mites feed mainly on the underside of leaves, and symptoms of their
damage can range from stippling and irregular blotches of discoloration to ipgllomw
bronzing of the leaf (Helle and Sabelis 1985, Evans 1992). Defoliation is associated wit
heavy infestations. High mite populations can also lead to mite dispersal, althleeigh ot
factors such as plant host quality and desiccation also play a role in disgetkab(d
Sabelis 1985, Evans 1992). Female spider mites, sometimes immatures butakegly m
assume a distinct dispersal position with their forelegs raised, and iaed ofir the leaf

by wind (Evans 1992).

Host plant. Tomato Solanum lycopersicum, formerly: Lycopersicon
esculentum) is one of the more extensively studied agricultural plants due to its high
cultural and economic importance. It evolved in South America, and belongs to the
“night shade” family, Solanaceae (USDA 2009). The genome of tomato is being
sequenced as a part of the 'International Solanaceae Genome ProjectS{&Hms
Approach to Diversity and Adaptation' (Mueller et al. 2005). Many crusfas of
plant physiology such as plant development, fitness, yield, plant defense pasmdays
pathogen resistance mechanisms have been studied by utilization of tomato genome
(Bennett and Leyser 2006, Bian et al. 2006, Manning et al. 2006, Quinet et al. 2006,

Schaefer et al. 2006, Semel et al. 2006).
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Effects of imidacloprid on abundance, fecundity and longevity of T. urticae on

tomato plantstreated with imidacloprid.

Source of experimental mites. A colony of spider mitesT. urticae, was
maintained on potted tomato plarfisesculentum var. Castlemart. Tomatoes were
grown in 18 cm (diameter) pots in Sunsffirdl-Purpose soil mix (Bellevue, WA,
U.S.A)). Tomatoes were maintained in a walk-in growth chamber at the Greenhouse
Complex at the University of Maryland, College Park, MD, U.S.A. Plants were
maintained at a 12:12 light: dark cycle, with relative humidity of 60% and reckgyre
intensity of 596.3 umol/Afs. The plants were fertilized every other week with Miracle-
Gro® Liquid Plant Food (24:8:16 ratio of N:P:K) at label rate of 0.5 g dissolved in 3.7 L
of water. Tomatoes were watered by hand every other day. Spidenaitesbtained
from infested greenhouse plants never treated with insecticide and moved orgmfeave
tomatoes used to maintain colonies of mites. New plants grown in the conditions
described above were introduced to the colony of mites as needed.

For experiments requiring females of known age, tomato leaves with a high
density of spider mite were cleared of all adult females using a fintopash. Leaves
were inspected daily for new females, which were removed and used in subsequent

studies.

Abundance of mites on imidacloprid-treated tomato plants. To determine if
spider mite populations varied between plants treated with imidacloprid and uhtreate
plants, six-week old tomato plants in 18 cm pots maintained as described previously

received the following treatments. Five of the plants received an aplicet
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imidacloprid according to the label of Maratfid80 WP (soluble powder formulation,
600 g of imidacloprid/kg, Bayer, Kansas City, MO) with 0.0235 g/pot dissolved in 100
ml of water applied directly to soil. Five tomato plants were assigned asiaatr
controls. Two weeks after imidacloprid was administered, 500 female spidsr mite
obtained from the colony were moved onto each of the five imidacloprid-treatégeand
untreated tomato plants. Ten leaves from each plant were randomly selecteek and fi
females were placed on each leaf using a fine paintbrush. Abundance of spdevasit
evaluated four and eight weeks following commencement of the experimenatoesm
were left intact, and leaves were not excised from the plants. A hand lens (10XgHast
Triplet, Bausch & LomB) was used to count spider mites and their eggs on both sides of
each leaf. The response variable was the abundance of mites per tomatodat$ Re
were analyzed using one-way analysis of variance (ANOVA) followests for

normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s(tedtand

Longnecker 2001, SAS 2008).

Fecundity of mites raised on tomato plants. To examine reproductive
performance oT. urticae on tomatoes that received an application of imidacloprid, ten
six-week old tomato plants potted in 18 cm pots and maintained in conditions described
above were used. Five of the plants were treated with imidacloprid e staviously,
and five were left untreated. Two weeks after the insecticide was admredisa single
female was moved onto one of nine leaves of each of the ten experimental plants. Leave
were not removed from tomatoes during the experiment. Eggs were counted using a

hand lens and subsequently removed using a fine paintbrush. Fecundity of each mite was
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followed every other day until their death. Number of eggs laid during lifetimecbf ea
female and their longevity were the response variables analyzed. irbestrdy was
repeated twice and the results were analyzed using ANOVA when dabétecklai

normal distribution (Shapiro-Wilk tests) and homogeneity of variance (Leverst)s

(Ott and Longnecker 2001, SAS 2008). Data from the two trials were combinedkif bloc

by treatment interaction was found to be insignificant (Ott and Longnecker 2001).

Expression of selected genesinvolved in JA and SA pathwaysin tomatoes exposed to

imidacloprid and herbivor e feeding.

Tomatoes used in this experiment were placed in 10 cm (diameter) pots and
maintained as described previously. The experiment had a 2x2 factorial dekigmavi
levels of insecticide (imidacloprid present and absent) and two levels of herpvitey
present and absent). Imidacloprid (Marath68WP) was applied to four-week old
plants at label rate (0.013g dissolved in 50 ml of water applied directly to the swil). S
tomatoes received the application while six additional plants were desigmatintreated
controls. Two weeks after imidacloprid was administered, five femalersmiies were
moved to a single leaf of three imidacloprid-treated tomatoes and three echkatts.

Mites were placed on one of the youngest, but fully expanded leaves on each of the six
plants assigned to herbivore treatment, and were allowed to feed on the foliage for 72 h
prior to RNA extraction.

Leaves exposed to mite feeding and corresponding foliage on herbivore-free
plants were used for the extraction. A single leaf was removed fronoEtmeh12
plants, ground in liquid nitrogen using mortar and pestle and RNA was extractethérom

leaves using RN-Easy Mini Kit from Qiad@fvalencia, CA). DNA contamination was
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removed using RNase-Free DNase Set (Qi3g&iencia, CA) during RNA extraction.
Quiality of RNA was confirmed according to the kit instructions (Qi&¢iencia, CA).
Concentration of the RNA was measured using a spectrophotometer (EpBendorf
BioPhotometer Plus) and brought to an equal concentration of 0.2 pg among all samples
using RNase-free water dilutions. Extracted mRNA was stored at -80°|@ was
used for the RT-PCR.

GenBank accession numbers for the six genes induced by mite feeding (Ament et
al. 2004) are listed in Table[primers]. Primers were designed using Prilest"
software (Integrated DNA Tecti).and later ordered from Sigma-Adrfttst. Louis,
MO). Elongation factor (EF1x) was used as a positive control. Reverse transcription of
mRNA to cDNA and amplification of the fragments was performed using Gia9ee-
Step RT-PCR Kit in a Lightcycler480 (Roche, Indianapolis, IN). The PCR miotoc
consisted of a 1 min denaturation process at 94° C, followed by annealing asptme
60-65° C, and 35 cycles at 72° C. Products of the PCR were visualized using ethidium
bromide in agarose gel electrophoresis. The relative intensity of bands wasdbtaine
using ImageJ (ImageJ 1.41, National Institute of Health, USA) software ukéeasnts
from each band were standardized by the control, EFThe quantitative measures of
differences in expression were compared with a redundancy analysis, usowpCa
software (Ter Braak and Smilauer 2002, Prasifka et al. 2005). A 2x2 faétN@VA
was performed to test for main and interactive effects of the two levelsd#dloprid
and herbivore treatments on expression of each gene (Ott and Longnecker 2001, SAS
2008). Multiple pairwise comparisons made with Tukey’s procedure were used to

compare expression of each gene among treatments if assumptions of norinatidistr
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(Shapiro-Wilk test) and homogeneity of variance (Levene’s test) weréOit and

Longnecker 2001).

Results
Effects of imidacloprid on abundance, fecundity and longevity of T. urticae on

tomato plantstreated with imidacloprid.

Outbreaks of spider mites on tomatoes treated with imidacloprid. Abundance
of spider mites on tomatoes treated with imidacloprid did not differ from their nembe
on untreated plants four weeks after the onset of the styugyl(B4,P =0.316).
However, tomatoes that received imidacloprid application housed significmedter
population of mites than untreated ones eight weeks after mites were introduesd to t
plants (k g=7.43,P=0.026) (Figure 4.1). There were 50% fewer mites on untreated
tomatoes than on imidacloprid-treated plants (22.20 (£3.75) and 10.57 (x1.6045) mites

on treated tomato plants and untreated tomatoes, respectively.

Fecundity of mites raised on tomato plants. Reproductive performance of
mites was significantly greater when the females consumed tomatatsitwith
imidacloprid compared to foliage from untreated plants ¥ 7.53,P = 0.0207) (Figure
4.2). Spider mites on tomatoes exposed to imidacloprid produced 85.18 (+6.78) eggs in
their lifetime, and mites on untreated tomatoes laid 66.29 (+5.66) eggs. However,
imidacloprid applications did not have an effect on longevity of spider mitgg<®.24,
P =0.6325, Figure 4.2). In both treatments, the mites lived an average of about 22 or 21
days (21.95 (x1.91) and 20.73 (x2.20) on imidacloprid exposed tomatoes and untreated

plants, respectively).
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Expression of selected genesinvolved in JA and SA pathwaysin tomatoes exposed to

imidacloprid and herbivor e feeding.

Gel electrophoresis was performed to visualize the differences irssipre
of selected genes (Figure 4.3). Based on Monte-Carlo permutations, relativiéyimfens
bands standardized by the positive control was significantly different amotrgerda
(F ratio = 6.918; P = 0.014). Comparisons of treatment effects within each gene are
presented in Figure 4.4. There was no interactive effect of imidacloprid dndadner
treatments on levels of CDI transcripts §E 0.01;P = 0.93). Expression of CDI was
significantly lower in tomatoes that received imidacloprid application cosdpar
untreated plants (ls= 20.1;P = 0.002), while presence of herbivore did not affect
expression of CDI (Fs= 0.71;P = 0.424). There was no effect of imidacloprid treatment
(F1.8=0.69;P = 0.429) and herbivore feeding; (= 3.17;P = 0.113) on expression of
PI-1, and the two factors had no interactive effect on expression of this geped ;P
= 0.139). Similarly, there was no interactive effect of imidacloprid application and
presence of spider mite on expression of the gene coding for Rlgk (F23;P =
0.645). This gene also exhibited no difference in expression due to imidacloprid
presence (Fs=4.17;P = 0.075) or herbivore feeding (k= 0.35;P = 0.571). There was
an interaction between the two factors for PR-Rg€~7.55;P = 0.025). Untreated
plants exposed to feeding Byurticae had increased in levels of PR-P6 transcripts.
Presence of the herbivore did not elicit expression of this gene in imidaclagaidet
tomatoes in comparable levels. Neither the insecticide nor feeding by sjieler m
elicited differential expression of PR-P4 = 0.9;P = 0.371 and 3= 0.28;P = 0.614

for imidacloprid effect and herbivore effect, respectively).
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Discussion

Tomato plants treated with imidacloprid elicited the same population and
individual response from the tetranychid mites as woody ornamental platesl tnetin
imidacloprid (Chapters 1, 2, and 3). Spider mite outbreaks that occurred on tomatoes
receiving imidacloprid applications confirm that the phenomenon widely documented on
the trees and shrubs in the field takes place on a vegetable as well (8clae88,

Raupp et al. 2004, Gupta and Krischik 2007, Raupp et al. 2008). In addition to increased
abundance, spider mites laid more eggs when tomatoes were treated withopnidacl

These two pieces of evidence suggest that the effect exerted on miteddmtaprid is
general, and occurs on plants as vastly different as the woody perennials ahnd annua
plants.

Imidacloprid application to tomatoes resulted in differential expression o gene
coding for two serine protease inhibitors, CDI and PR-P6. Untreated tomat® plant
expressed CDI regardless of mite presence, while imidacloprid applicationessgupr
transcription of these genes to mMRNA. The fact that untreated tomatoessexiptas
gene in comparable levels in both herbivore treatments could be caused by tvg factor
Firstly, PI's are known to be expressed constitutively (Jongsma 1997, Gatehouse 2002)
and it is possible that this gene is expressed in plant tissues that are nottankler at
Additionally, the duration of feeding by spider mites, number of mites that teslea
were exposed to, and time elapsed from the onset of herbivore attack majaat the
apparent lack of difference in level of expression of CDI in tomatoes with and without

the mites. More importantly, tomatoes that were treated with imidacloprid did not
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express this gene, and expression was not elicited even in the presence of sggder mi
This suggests that imidacloprid interferes with expression of this PI.

PR-P6 was expressed at a comparable level in plants treated with imidacloprid
and untreated ones not subjected to feeding by spider mites. When plants were exposed
to spider mites, however, transcription levels of PR-P6 were significagthgthin
tomatoes that were not treated with imidacloprid compared to treated plantsthAs wi
CDI, there seems to be a strong inhibition of transcription of this gene to mRNA.

Both of the genes that were differentially expressed in the presence of
imidacloprid encode proteins known to be serine protease inhibitors. Expression of CDI
is modulated by the JA pathway, and while most PR proteins are generallyeédpyla
SA, there are numerous reports in the literature of PR proteins induced bynidn(Re
et al. 1996, Pieterse and van Loon 1999, Schaller et al. 1999, Walling 2000, Choh 2004).
Additionally, PR-P6 has protease inhibiting property, and its function in plant defenses
against herbivore attack has been demonstrated (Datta and Muthukrishnan 1999, Li et al.
2002, Ament et al. 2004). Both genes may have been regulated by JA in plants that were
not treated with imidacloprid, while their down-regulation in tomatoes exposed to
imidacloprid was related to disruption of JA signaling.

Imidacloprid’s negative effect on expression of protease inhibitors could teanslat
into significant advantages for spider mites. Proteases produced by mites brake dow
proteins in plant tissues and aid in assimilation of amino acids by the herbivaie (Dat
and Methukrishnan 1999). Inhibitors of these proteins are crucial for plant detemges,
decrease in their quantity and diversity would allow mites easier accpelssits’

resources.
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While it is not possible to discern directly from this experiment how exactly
imidacloprid applications alter expression of these two genes, previous stdelies of
possible mechanisms. Imidacloprid breaks down into several metabolites in @aets
of them is a 6-chloronicotinic acid (6-CNA) (Suchail et al. 2001) (Figwe 4L his
stable metabolite resembles in structure an important phytochemical involvedts pl
response to pathogen attack, isonicotinic acid (INA) (Figure 4.5) (Freinais2008).
Thielert (2006) suggested structural similarity between 6-CNA and an maiuce
systemic resistance of plants earlier. INA plays an important rahe iresponse of
plants to pathogens (Silverman et al. 1995, Mauchi-Mani and Metraux 1998, Dmitriev et
al. 2003) and is thought to serve as SA analogue as well, eliciting expressiosarhthe
genes that are elicited by SA (Silverman et al. 1995, Friedrich et al. 1998)s IN
efficiently translocated through the plant, and induces SAR most likelg by it
translocation rather than a release of a systemic signal (FriedatHl806). Because
INA is involved in defense pathways of plants under attack by pathogens and may
stimulate the same pathway regulated by SA, the accumulation of INACNERINA,
could result in switching on a plant’s responses typical for pathogen attack. Given tha
SA is known to down-regulate expression of PI's (Doares et al. 1995, Heidel and
Baldwin 2004), this could result in differential expression of these genes in patesitr
with imidacloprid.

Expression of genes coding for other Pls, PI-1 and PI-Il was not affected by
imidacloprid. Plants treated with imidacloprid and untreated controls generally did not
express PI-1 in absence of spider mites, while feeding by spider maiescel

accumulation of transcripts of PI-1. Additionally, PI-1l had comparable aspye in
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tomatoes in all four treatments. This could be caused by constitutive expredsiisn of
gene, which has been shown for Pls in general (Jongsma 1997, Gatehouse 2002),
duration of feeding by spider mites, number of mites that the leaves werecipomed
time elapsed from the onset of herbivore attack. It is not clear why pattemgression
of PI-1 and PI-II differed from CDI and PR-P6. It is important to note, however, that
these proteins may have unrelated structures and are grouped into thefatigdy
because of their common ability to bind proteases (Datta and Methukrishnan 1999).
There may be other roles that these proteins play in plants other than defetiaarn(®a
Methukrishnan 1999).

Lastly, expression of PR-P4 also did not differ among treatments. PR-P4 proteins
are chitinases, and while their expression is activated by wounding mhftigtepider
mites (Li et al. 2002, Ament et al. 2004), they are thought be directed mainly aghkinst ce
walls of fungi and bacteria (Datta and Methukrishnan 1999). The exact function of this
family of proteins is unknown in tomato (Walling 2000). It is possible that the duration
of mites’ feeding on tomatoes and their low numbers were not sufficient to elici
expression of this protein.

Cross-talk between the two phytohormones and negative feedback of SA on JA-
regulated pathways has been documented (Doares et al. 1995, Walling 2000, Gatehouse
2002, Heidel and Baldwin 2004). They provide support for a hypothesis that the
imidacloprid metabolite accumulated and mimicked INA, thereby, influeneigugjation
of the JA pathway. If imidacloprid exerts an SA-like impact on of the plants’ pgthw
then inhibition of genes regulated by JA, such as PI's, could take place. This would in

turn eliminate a component of plant’s defenses employed during spider mite faeding
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provide a plausible mechanism of spider mite outbreaks. Even though disruption in
expression of tomato genes involved in plant defense cannot be related directly as a
mechanism driving outbreaks of spider mites on woody ornamental plants, these results
suggest that imidacloprid affects general and conserved defenses of plargsacil a
creates conditions conducive to spider mite outbreaks.

Variation in expression of the selected genes in tomatoes treated with
imidacloprid and exposed to spider mites may stem from a complex relationshipretwe
JA and SA. A study examining the effect of feeding of mirid bugs on expressios of Pl
found them up-regulated 24 h after attack (Doares et al. 1995). In contrast, atheidel
Baldwin (2004) reported that feeding by mirids down-regulated expression afté 72
h. In both cases concentrations of SA were high, implying that an unknown signal plays
a role in how SA affects PIs’ (Heidel and Baldwin 2004).

This study examined transcription of the genes to mRNA at a single point in time
during defensive response of imidacloprid-treated and untreated tomatoes tteshe m
This prevents us from making inferences on how changes in expression translated to
differences in concentration of these defense compounds. Post-transcriptional
modifications and effects of imidacloprid on transcription of other genes coatltt e
total responses of tomatoes to spider mites. Further research on the fulbextent
physiological changes in plants driven by imidacloprid is needed beforertimeate

mechanism of spider mite outbreaks is discerned.
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Figures

30

Number of mites per tomato leaf

Imidacloprid Control

Figure4.1. Abundance of. urticae on imidacloprid treated and untreated tomatoes.
Bars represent means and vertical lines represent standard eneest@risk marks
means that were significantly different at P = 0.05.

121



-~
T

oprid treated and untreated
while grey barenemlests
rstdrisk asarks




- Imid + Imid - Imid + Imid

- Mites - Mites + Mites + Mites
CDI - — — — a—
Pl
PI-II d o o e .
SE-T A ———— e |
PR-P4

EF-1a 8 s G SN o s one o0 5w =« « v o

Figure4.3. Gel electrophoresis of RT-PCR products from tomatoes exposed to
imidacloprid (+ Imid) and untreated tomatoes (- Imid) in presence (+ Mitesabsence
(- Mites) of herbivory. Expression patterns of cathepsin D inhibitor (CDI), pextei
inhibitor I (PI-1), proteinase inhibitor Il (PI-1l), pathogenesis-tethprotein P6 (PR-P6)
and pathogenesis-related protein P4 (PR-P4) are presented. Elongation Fa(Edt-
la) was used as a positive control.
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Figure4.4. Comparisons of expression of selected genes in tomatoes subjected to two
levels of imidacloprid (-Imid, +Imid) and two levels of herbivore feeduhMytes,

+Mites). Expression patterns of cathepsin D inhibitor (CDI), proteinase inhiljiRdH),
proteinase inhibitor 1l (PI-11), pathogenesis-related protein P6 (PR-P6) émuppaesis-
related protein P4 (PR-P4) are presented. Relative intensity of each mand wa
standardized by a corresponding expression of a positive control,cEFBRs represent
means while vertical lines represent standard errors. Bars thatdbtier are not
significant at P = 0.05.
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Figure4.5. Chemical structures of isonicotinic acid (A) and 6-chloronicotinic acid (B).
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Conclusions and futuredirections

The goal of this work was to document outbreaks of spider mites following
applications of imidacloprid, and to examine the three main mechanisms, elbmiofti
natural enemies, direct effect of imidacloprid on mite fecundity and disruption of plant
defenses thought to cause the outbreaks. The findings of this research fyoploetr s
earlier reports of consistent outbreaks of spider mites on woody ornamentaltydated
with imidacloprid in landscapes and greenhouse. Notably, abrupt increases in abundance
of mites in relative absence of natural enemies in the greenhouse provided ethidéence
elimination of natural enemies may not be the leading cause of the outbreaks.
Furthermore, surveys of arthropods on elms and boxwoods treated with imidacloprid did
not unveil significant differences in composition or numbers of natural enemies af spide
mites. Phytoseiid mites, a key predator of spider mites, displayed bleg&tern of
abundance that deserves a closer, more rigorous examination. Thus, while it is not
possible to dismiss the possibility of negative impact of imidacloprid on comnzuoitie
natural enemies of spider mites, additional factors seemed to contributectsett
abundance of mites on imidacloprid-treated plants.

These additional factors were identified in experiments that investigatsges
in fecundity of mites and expression of plant defense pathways in response to
imidacloprid presence. Exposure to the neonicotinoid through plant tissues resulted in
higher fecundity that could significantly influence population levels of spid&smiThis
provided evidence that imidacloprid’s impact on mite fecundity is plant-mediatech whi
was confirmed through differential expression of two proteinase inhibitors etdesh

treated with imidacloprid. Lower concentrations or complete absence effitwmease
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inhibitors could benefit the mites by enhancing their ability to assinplate nutrients.
Similarities in structure of imidacloprid metabolite and salicylic atidlogue could

provide the possible mechanism of imidacloprid’s impact on expression of these protease
inhibitors.

While the results of this work suggest that imidacloprid applications result in
outbreaks of spider mites through disruption of important components of plant defenses,
it is conceivable that the outbreaks are an outcome of interactive effedtthoéal
mechanisms. Additional studies would contribute to our knowledge of the extent of
imidacloprid’s effect on plants, primary and secondary pests, non-targetsongaand
the interactions between the communities of arthropods in general.

To better understand the effects of imidacloprid applications on structure and
composition of arthropod communities, different sampling methods than ones described
in this study should be used. Excising foliage and transporting it to the laboi@utay c
have led to a biased account of pterous insects such as lacewing adults that wesdd be |
likely to remain on foliage while it was removed from the plant. Using vacuum isgmpl
would ameliorate this bias, and allow for a more comprehensive assessnmémopioa
fauna. Additionally, abiotic factors such as temperature and rainfall shouldrosmega
as covariates that could affect the interactions between imidacloptidetqgants and
arthropod herbivores.

In terms of physiological responses of plants exposed to imidacloprid, comparing
concentrations of simple sugars and proteins would provide information on changes in
nutritional quality of plants that could in turn affect spider mites. Moreover, exami

the effect of imidacloprid on expression of genes involved in plant growth and
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differentiation would show if plants treated with the neonicotinoid exhibit paiters
allocation characteristic to high resource environment, which according tal@&oBy of
plant defense would mean diverting resources to primary metabolism. Notably,
establishing such pattern of allocation in addition to inhibited defenses would provide
important empirical evidence that plants’ investment in induced defenses follows
predictions outlined by the GDB theory.

Additionally, the proposed hypothesis that imidacloprid metabolite mimics
salicylic acid analogue, isonicotinic acid (INA), could be confirmed throwegtirtrents
of plants with synthetic INA and measurement of the response of spider mites
Comparing abundance of mites and expression of protease inhibitors on plants treated
with INA to plants exposed to imidacloprid would shed light on the parallel effethe of
two chemicals on plants and their herbivores. It would also be very informativeate cr
high output of information on the effect on the two compounds on general genetic
expression of plants through microarray analysis. In addition to a wealtfoohation
on how INA and imidacloprid affect plant’'s genome, it would also allow for direct
comparisons between INA’s and imidacloprid’s impact on genetic expressianis.pl

Lastly, jasmonic acid and salicylic acid are involved in plants’ recraitmokthe
third trophic level, natural enemies, through production of volatiles. If imidacloprid
applications affect expression of genes modulated by jasmonic acid, theegolatil
regulated by JA may be affected as well. This could have far-reaamsgaquences for
the plants, other herbivores and the structure of arthropod fauna. Examining if
production of volatiles is disrupted by imidacloprid applications would shed light on

another, indirect aspect of imidacloprid’s effect on natural enemies.
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