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Abstract

Three widely distributed species of ambrosia beé@eteopteraCurculionidae
Scolytinag, Xylosandrus germanwlandford,Xylosandrus crassiusculdotschulsky and
Cnestus mutilatuBlandfordareintroducedpess that cause damageuarious treeultivarsby
engraving tunnel networks amtbculating trees with thesymbiotic fungiand secondary
pathogensPopulations of thesspecies have established in sevegglons of the United States.
After a series ofield experiments investigatinde influenceof visualand volatilecuesand their
capability to attract &lytinae,it wasdemonstratethattrap capturesan be influenced by the
availability of specific nanometer wavelengths of light as well as chemical cue pBiffiegent
attractant cas were evaluated suchrasios of ethanol to methanol (0:10®:25, 50:50, 75:25,
100:0), conophthorin, and various LED color waveleng®8%. nm (UV), 470 nm (blye525 nm
(green), 625 nm (redYisual cues and their role orientationwere alsaassesserh field
experiments, showing the importancepebk diurnal flight activitypccurringbetween 16:00 and
18:00 hoursUsing Cnestus mutilatuas a model species, the acoustic sound produced by
walking wascharacterizedh laboratory experiments.hEse demonstrated thats possible to
isolate thauniquesignal derived fronwalking by an ambrosia beetle, which could be used for
speciegsletection inraps deployed inrnamental nurserie$his researctsuggests thax.
germanus, X. crassiusculus, @utilatus,and other 8olytinaehavespeciesspecificattractant
cue specifications and acoustic production, both of which can be used to further understand and

manageheseorganismsBy integrating some of these concepts, it could ledmbtter trappig



efficiency to improve the timing of insecticide applicatioAs.extensive analysis looking at the
physiological mechanisms underlgiattractant cue specifications and acoustic producbaid

furtherour understanding @mbrosia beetles.
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CHAPTER 1

GENERAL INTRODUCTION

Biology of Ambrosia Beetles

There ar11species obark and ambrosia beetl@SoleopteraCurculionidag in the
southeastern United Staj@97 in the subfamily Scolytinae addn the subfamily Platypodinae
(Atkinson 2013) Of these beetles, 43 have been introduced from Europe, Asia, Afittdnea
tropical America. Theresearch primarily focuses on three main pest species, but occasionally
encompassebe broader population presefithe granulate ambrosia beetkylosandrus
crassiusculugMotschulsky, is an invasivespedes found throughat theUnited Stateshat
frequentlycauss damage iriree nurseriefRee & Hunterl99%). Xylosandrus germanus
(Blandford) is native to eastern Asia and is one of the most economically important exotic
ambrosia beetles in U.S. nurseries (Oliver & Mann&Q)1). Thecamphor shot bore€nestus
mutilatus(Blandford) is a reently introduced specied Asian origin which has unknown pest
potential(Gandhiet al. 2009, Oliver et al. 2012}l three species wer@adverterly introduced
from Eastern Asia, witlC. mutilatusbeing the most recent amds first detected in the United
States withirOktibbeha ©unty, Mississippi in 1999 (Schiefer &right 2004). The spread of
thesespeciesvaslikely due to their broad host range, ability to efficiently find hosts (Ranger et

al. 2013),and absence of natural enemigkhoughthe current range in the United States for



these species is vast, they continue to spread to new locatiorS.wmithtilatusrecently detected

in Washington and Oregon in 2002 (LaBonte et al. 2005).

Morphological Characters

Morphological characters atgpically used inthe separathn ofambrosia beetle species.
There are numerous characters utilized for this proceswamdessential to the identification of
the prolific beetle diversity found within the two different trapping regions. The keys chosen
included: the Screening Aid for Eastern United States Scolytinae (LaBonte et al. 2007), Bark
Beetles of the Southeastddnited States (Baker et al. 2009), and a guide from the USDA
Horticultural Insects Research Laboratory in Wooster,(@dtisonal communicationThe body
length of the femal€. mutilatusranges from 2.6 3.9 mm and is typically black and shiny
(Figurel.1), while the femaleX. crassiusculusanges fron2.17 2.9 mm with variable reddish
black colorationfigurel.2), and theX. germanugemale has an approximate body length of 2.3

mm and either all black or slightly reddish black appeardfigei(el.3).

Figure 1.1.The body length of the fema& mutilatusranges from 2.6 3.9 mm and is

typically black and shiny (LaBonte et al. 2007).



While theXylosandruspp.are considered stout, robust beetles, they are dwarfed by
Cnestus mutilatuand its lager than average size. The pronotum length is another distinct
characteristidor separating these two geneféeXylosandruspp.pronotum is always shorter
than heir elytrg having slightly less head protectiomhereas th€. mutilatusspecimen will
always have a longer pronotum than elytra. Furthermore, the procoxaXwgbakhndruspp.
are distinctly separated with a small g&m(rel.4), while inCnestus mutilatuthe procoxae

are contiguousKigurel.5).

Wﬂm"‘“‘hﬂiﬂﬁ"”’””/’”’h
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Figure 1.2.The body length of the female crassiusculusanges fron2.17 2.9mm

with variable reddish black coloratighaBonte et al. 2007)

Figure 1.3.The body length of the female germanu$as an approximate body length of

2.3mm and either all black @lightly reddish black appearan@eaBonte et al. 2007)



Figure 1.4.The procoxae of aiKylosandruspp.are distinctly separated with a small gap
whereaghe procoxae ofnestus mutilatuare contiguous, with no separation pregeaBonte

et al. 2007)

Using these characteristics, identificatiorGafestus mutilatuas being distinct from
Xylosandrusspp.was achievedThe level of detail for separation ¥f germanugrom X.
crassiusculusas well as other potential beetle genecaeases in difficulty while creating
potential for error. Populations & germanusndX. crassiusculusaried greatly in both size
and color. Samples from AL contained 60%crassiusculuand noX. germanushowever
samples from OH contained 35%germanusand only 1%X. crassiusculuswhen faced with
the rareX. crassiusculuspecimen, size and coloration were exemplary enough to make an

accurate identification.

Seasonal Activity



In the United States, bo crassiusculuandX. germanusave twoto threegeneratios
peryearand one to tw in Europe or Japaiweber & McPherson 1983, 1984, Oliver and
Mannion. 2001 They sem to haveasimilar life cycle of 5560 daysdepending on host
availability and temperature, with the generalist adult fenmdésting a damaged or stressed
host and overwintering inside dfdas an dult (Atkinson 2007)Cnestus mutilatus univoltine
with emerging females making host selection flights once a summer (Schiefer & Bright 2004).
Dispersal flights for each spesief ambrosia beetle occur over an extended period of time, from
as early as March to as late as Septenftmmperature plays an important role in the emergence
of X. germanusnd other ambrosia beetles from their overwintering galleries (Reding et al.
2013). Reding et al. (2012) foundstrong relationshigxistsbetween maximum daily
temperaturesf 20e @nd 22 C A.geadmanusttack and flight activity, with no attacks
occurring wit houtTemperatireeplays &ain imhporthrat gole io fhe enbrgeflce
of X. germanusnd other ambrosia beetles from their overwintering galleries (Reding et al.
2013). Knowledge oKylosandrusspp. activity in spring is important for nursery growers to
effectively time heir protective sprays (Reding et al. 20 gional variability occurs for the
flight period, with the southern United States generally beginning earlier and ending later (Weber

& McPherson 1983, Schiefer & Bright 2004,).

Host selection

The phases mobbark and ambrosia beetles experience during host selection includes:

dispersal, selection, concentration, and establishment. Dispersal begins with emergence from the

tree and ends with the response to host cues, selection acts upon the stimuli anithends w



feeding on the host phloem, concentration is the release of sequestered host pheromones and
volatiles by the invading beetle, and establishment is onset of their fungal inoculum and
oviposition (Wood 1982).

As the winter or hibernation period comestoend, newly emergingatk and ambrosia
beetlesare tasked with locating suitable host frorthefew stressed treescattered throughout
the forestThe host treenust be an ideapecies and in mostses the insects seek strestest
resistant tree®r trees that are in the beginnistages otlecline It is expected that species have
evolved behavioral responsessfzecificvolatile hostplant chemicals that imchte the presence
of a specific host as beimghabitableThe decision by the inseathether to accept the plant is
dependent on external (olfaction, vision, mechanoreception, and gustation) stimulatory and
inhibitory inputs balanced against internal excitatory and inhibitory ir(Mitker & Strickler
1984) As ambrosia beetles contindght using up energy reserves in the form of lipids
(Thompson & Bennet 1971), they become increasingly desperate to find a hagil] and
ultimatelyaccept the hodtased on an inverse correlatiorhofst suitability and fatigue level of
the beetldMiller & Strickler 1984).

The importance of host volatiles during host location by insects was initially questioned,
but numerous studies have since confirmed their importance (Bruce et al. 2005). Visser (1986)
proposed that the recognition of a host plant by olfactory signald occaur by using either (1)
speciesspecific compounds or (2) specific ratios of general odor compounds. Bruce et al. (2005)
states most studies favor the second scenario, with strong evidence that plant discrimination is

due to central processing of olfagy signals by the insect, rather than their initial detection.

Life cycle



Inside the host ambrosia beetles will excavate a series of tunnels, introducing its
symbiotic fungi harbored within a specialized organ known as the mycangium (Hulcr et al.
2012. Eggs, larvae, and pupae are all found together in the tunnels, and all feed exclusively on
their ectosymbiotic fungiAmbrosia beetle galleries harbor all life stages of the insect. The
resulting female to male ratio is typically female dominated, being 10:1 vMtlyarmanus
colonies (Weber & McPherson 1983). Male ambrosia beetles usually have short life duration, are
flightless, and fulfill the role within the brood chamber of mating with its siblidésber &
McPherson 1983Male C. mutilatusillustrates the dramatic sexual dimorphism present between

the two sexes, being 2.4 mm long, less robust, and a brown catofagarel.6).

Figure 1.5 Figure 1.5.1llustrates the dramatic sexual dimorphisnCinestus mutilatus.

Males (left photo) is 2.4 mm in length, less robust, and has a brown coloration.



Damageby Ambrosia beetlesto Trees inOrnamental Trees

Ornamental tree nurseries face numerous pest issues due to their wide variety of cultivars
grown on site, in rows, and in variable states of development while frequently being stressed by
abiotic factors. Damage estimates vary each year based on speciegianal differences. For
exampleX. crassiusculusan cause losses in excess of US $5,000 per nursery for nurseries
across the southeastern United States and in Texas (Ree & Hunter 1995). The damage potential
of this pest is further amplified by. crassiusculushaving in excess of 120 potential tree host
species, ranging from hardwoods to pine in both the nursery setting and forest (Hudson & Mizell
1999, Oliver & Mannion 2001)Xylosandrus germanusas a wdd-wide host range >200
speciegWeber and MPherson 1983hbyith a preference for deciduous treesl is a serious
pest in ornamental nurseries (Reding et al. 2020@stus mutilatubas been reported as a pest
on avocado tree®érseaamericand, but has unknown pest potential within the UnitedeSta
(Schiefer & Bright 2004)Symptoms of infestation include frass toothpicks sticking out from the
trunk from the tunnel entrances, sap oozing, wilting foliage, branch dieback, and profuse basal

sprouts.The estimated total economic impact of fruit aretnuts alonan Alabamawas $11.7

million in 2012 (USDA Quickstatsttp://quickstats.nass.usda.gpwhaking up only a small

percentage of the nursery stock grown.

TrappingMethods

Current methods famonitoring ambrosia beetle seasonal dispersal flight patterns
involves traps baited with ethanol (Oliver and Mannion 2001, Reding et al. 2010, 2011). The
Baker bottle trap and the Lindgren funnel trap are the most commonlyrapsdor field

sampling ofambrosia beetles (Lindgren 1983, Oliver & Mannion 2001). Traps are generally


http://quickstats.nass.usda.gov/

most effective when placed low to the ground. Reding et al. (2010) tested the effect of varying
trap heights on ambrosia beetle capture and found that 0.5 m caugX.rmmssisculusand

X. germanushan traps positioned at 1.7 m and 3.0 m traps. This sugges¥s geamanusnd

X. crassiusculufly low to the ground while attempting to locate a host. Ethéadkd bottle

and Lindgren funnel trapgainly attract ambrosia bées, but also notarget arthropods. Thus,
trap collections regular maintenance and ambrosia beetles must be separated from other

arthropods and debris for identification purposes.

Volatile Attractant Cues

Abiotic and biotic stressors can induce the emission of ste¢sed volatiles from trees,
includingacetaldehyde, acetone, ethane, ethanol, ethylene, and méiiamokrerand
Kozlowski, 1982; KimmereandMacDonald, 1987MacDonald and Kimmerer, 199Holzinger
et al., 2000). Several of these volatile compounds act aaditators of vulnerable trees to
secondary ambrosia beetles and other wwarihg insectsKelsey and Joseph, 2001; Ranger et
al., 2013).In particular, ethanol plays a role in atttiag ambrosia beetles to attack specific trees
(Ranger et al., 2010, 2012, 2013; Kelsey et al., 2013

Ethanol is the most attractive individual compound currently knowX forassiusculus
andX. germanugRanger et al. 2010, 2011). Some Scolytinaesldamonstrated increased
attraction through synergistic semiochemical baiting, as demonstrated with the coffee berry borer
Hypothenemus hampgterrari) (Da Silva et al. 2006). The synergy of ethanol and methanol
resulted in a minimum increase of 2.7 tinties capture rate compared to an ethdozaled trap
(Da Silva et al. 2006). Montgomery & Wargo (1983) did not find mixtures of ethanol with

methanol, acetaldehyde, and/or turpentine were more attractive than ethanol alone to various



Scolytinae. Yet, recerstudies demonstrated conophthorin, a volatile associated with hardwoods,
synergistically enhanced the attractivenesX.afrassiusculug¢van DerLaan and Ginzel 2013)
andX. germanugRanger, pers. comm.) to ethaialited traps.

Release rate of volatikgtractants, particularly ethanol, is a critical factor to consider
when trapping ambrosia beetles. Klimetzek et al. (1986) first demonstrated a positive
concentration response to ethanolXogermanusnd other ambrosia beetles. Additional studies
havedemonstrated ethanol release rate plays an important role in attracting ambrosia beetles
(Oliver et al. 2004, Ranger et al. 2011, 2012, Reding et al. 2011). Oliver et al. (2004) and Ranger
et al. (2011) found that traps with the highest ethanol releteseware more effective overall
for attracting ambrosia beetles than traps baited with low release rate lures. A positive correlation
has also been demonstrated between concentration of ethanol injected into a tree and the
corresponding ambrosia beetleaalts (Ranger et al. 2012). However, too high of a release rate
can have a repellent effect on ambrosia beetle attraction. Montgomery & Wargo (1983) found
ethanol released at 2 gigattracted more Scolytinae than higher release rates. This indicates that

emission rate of an attractant is an important consideration when trapping for specific species.

Visual Attractant Cues

Visual cues play an important role during orientation by species within the Scolytinae.
For instance, Da Silva et al. (2006) founde plastic bottle traps increased capturds. of
hampeiand other Scolytinae species compared to clear traps or transparent red traps. Similarly,
Strom et al. (1999) demonstrated that both the southern pine Deatleoctonus frontalis
(Zimmerman) and hanasimus dubiu@~abricius) are affected by altering visual silhouettes on

traps, finding that white paint and white trap paneling caught fewer southern pine beetles than
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black or transparent coloration. This work on visual cues in the Scolytinae hasxpaeded
upon as part of the current thesis research, further detailing the underlying mechanisms and

guantifying their importance.

Bioacoustics

The wing beat frequency of amsect species stypical acoustic behavioral factor
investigated for the use of sensor productids seen in previous reseal@ator et al. 201)1
this principle is demonstrated with the mosquito spetexies aegypfLinnaeus)escribed
using a specially designed cathat registers the appropriated wing beat frequency via acoustic
sensor while in flightHowever, not all insects are suited to being classified through wing beat
frequency, but rather a distinctive behavior intrinsic to their lifestyie. behavior tered
st rtiidounlda i s c o @rthopterapand ishsigmificantly accessible for recording
purposes as opposed to wing beat. Using the method of stridutaitoiets(Orthoptera:
Gryllidae) generatalifferent song patterns for acoustic communicaftdedwig 2000) This
unigue acoustical behavior is an ideal candidate for identifying a ufregueency and decibel

recording, and can later be used as a potential species signature.

Detection Systems

Many g/stems have demonstrated the capahititgetect specific insects based on their
acoustic sound production. Mankin et(@997 utilized the accurate sensitivity of 16
piezoelectric sensors to detect the differing rates of intensities and sound production of adult
insects in stored whedthese smalnd delicate sensors suit the needs of research performed on

small subterranean insects, stored grain pests, and many other economically important
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arthropodsPrior to recent material developments allowing for a more flexible sensor design,
detection ofnsect infestation in agricultural commodities was provided by piezoelectric means
which generates electricity when stimulated by a frequency above 500 hertz (Litzkow et al.
1990).This acoustic approacsillows for another cue to likecorporated into a tgefor early

detection and perhapsenspecies spficity.

Current strategy for managing ambrosia beetles in ornamental nurseries

Ethanotbaited traps argypically deployed in ornamental nurserfes monitoring
ambrosia beetle flight activity. Upon capture of a suspected ambrosia beetjggesitative
applications otonventionalnsecticidesare made to prevent attackscreasing the
attractiveness of trees to ambrosia beetles using etimpeciions (Ranger et al. 2010, 2011) has
allowed for screening the efficacy of conventional (Frank and Sadof 2011, Reding et al. 2013)
and botanically based insecticides (Ranger et al. 2011).

Permethrirbased insecticides have been found to be nifesitive in minimizing attacks
(Reding et al. 2013). However, in order to apply insecticide treatments to nursery trees, most
growers use an inefficient airblast sprayer that forcefully releases insecticide mist that billows
through nursery beds (Frank &&of 2011). While manual applications require 12 times more
labor than airblast applications, the benefit of not spraying tree canopies resulted in 50% more
natural enemies and 50% fewer spider mites present in nursery beds (Frank & Sadof 2011). This
tradeoff exemplifies the benefit/cost of implementing a more precise treatment application
system, which could lead to an economically feasible strategy for integrated pest management of

ambrosia beetles.
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Botanically based products, an alternative to conventional insecticides, could potentially
supplement a grower's treatment options for managing ambrosia beetles. Rather than using
highly toxic conventional insecticides to kill ambrosia beetles, disrufig host selection
behavior with repellent or deterrent botanically based compounds, or both, has the potential to be
a useful management tool (Ranger et al. 2011). Furthermore, identification and implementation
of repellents could be used as anothel anal possible alternative to conventional treatments.
Verbenonea bark beetle antiggregation pheromoneeduces ambrosia beetle attacks on
individual trees or on a small spatial scale, but deployment of verbenone might be most effective
whenintegrated s par t -pafl |l pusaht egy (Ranger et al

Implementation of monitoring tactics and preventative applications of conventional
insecticides are useful for minimizing ambrosia beetle attacks. However, most pest ambrosia
beetles, includingk. germanusandX. crassiusculuspreferentially land on and attack
physiologicallystressed hosts (Ranger et al. 2013). Therefore, abiotic and biotic stressors that
induce the initial attack should be taken into consideration. In essence, minimizing tbeampa
stressors known to induce the production of ethanol and predispose trees to attack should be the

primary foundation of a management plan (Ranger 2013).

Objectives

The anbrosia beetlpresence in the southeastern United Siatagyrowing issue wit
the newly established speciésestus mutilatu®lthough ambrosia beetles have been a problem
in this region for some timehere are limited methods developed for effective trapping and
control. The longterm goalof this project is to evaluatn effective trapping system that will

provide insight intambrosia beetlattractant cues and flight pattermdich will lead to a more
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effective first response control effofthis will allow growers the ability to pinpoint their pest
management strategiesadirst response leading to better timing of preventative sprawyitige
project, there will be three supported objectives to accomplish thedomggoal.
1. Identify the visual and volatile cues involved with attracting key ambrosia heetles
specifcally methanol, conophthorin, and LEDs.
2. Find an effective method aletecting ambrosia beetles in the trap, thereby allowing for
effectivefirst respons@est managemeptans.
3. Develop a working trap model that will be effective in shngpnurseriedor pest
ambrosiabeetles that are simple and inexpensive for widespread use.
For the three objectives, there are three separate hypothdsésgrated volatile and visual
cues should increase trap capture and potensipégificity of ambrsia beetles2. We
hypothesize that through the use of acoustic detection, a more specific cue could be developed
for use in traps3. Early detection trapping will lower the damage cost created by populations of
ambrosia beetles on target host tree siths.results will be used to further understand the
complexinteractions of ambrosia beethegh their hosts. By gaining insight into these
fundamentamechanismsan improved monitoring and management strategy can be

implemented, thereby reducing envineental damages and financial costs.
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CHAPTER 2

CAPTURE OF XYLOSANDRUS CRASSIUSCULUS AND OTHER SCOLYTINAE
(COLEOPTERA: CURCULIONIDAE) IN RESPONSE TO VISUAL AND VOLATILE
CUES

Abstract

In Jun and Jul 201 1raps were deployed the TuskegeeéNational Forest, Macon County,
Alabama to test the influence of chemical and visual cues on the capture of bark and ambrosia
beetles (Coleoptera: Curculionidae: Scolytinae). The first experiment investigated the
attractiveness of traps baited with diffetrestios of ethanol to methanol (0:100, 25:75, 50:50,
75:25, 100:0). No differences occurred in total Scolytinae trap captures for any of tdus vari
ratios of ethanol to methanol. The second experiment tested the attractiveness odbeiiteshol
traps suplemented witHight emitting diods (LED) of variouswavelengths to Scolytinae.
Ethanotbaited traps supplemented with UV (395 nm) and green (525 nm) LEDs were more
attractive than traps baited only with ethanol, but they were not more attractive tuamleth

baited traps supplemented with blue (4M) and red (625 nm) LEDs. These results suggest that
ethanolbaited traps supplemented with UV or green LEDs woulchbeeeffectivethan traps

baited with just ethandbr detecting various Scolytinae.

Intr oduction

The granulate ambrosia beetglosandrus crassiusculsotschulsky)(Coleoptera

Curculionidae Scolytinag, is anambrosia beetle of Asian origin that was first detected in the
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continental United States near Charleston, South Carolina (Amd&83d). WhileX.

crassiusculuss considered only a nuisance pest in some areas, this insect has caused significant
losses (in excess ©fS$ 5,000 per nursery) in several nurseries across the southeastern United
States anth Texas (Ree & Hunter 1995). @ldamage potential of this pest is further amplified

by X. crassiusculubaving in excess of 120 potential tree repstcies ranging from hardwoods

to pine in both the nursery setting and forest (Weber & McPherson $36&#non 1995Hudson

& Mizell 1999,0liver & Mannion 2001)Scolytinae pests also include bark beetles, which are

the most significant pest of coniferous forests, but can also attack deciduous trees.

Adult ambrosia beetles cause mechanical damage to trees as they tunnel into the
heartwoodof their hosts. Spores of a symbiotic fungus, which serves as a source of nutrition for
the larvae and adult ambrosia beetles, are found within a figecstructure called a
mycangium. As ambrosia beetles tunnel, the tunnel walls are coated with dpbeesyanbiotic
fungus giving rise to colonial proliferation (Stone et al. 2007). The symbiotic fungus can block
parenchyma cells within the vascular tissue of the trees, but Dute et al. (2002) found ambrosia
beetle fung(Ambrosiellaspp.)were not partialarly pathogenic. However, secondary pathogens
such ag-usariumspp. can also be introduced to the host during the process of tunneling, or due
to the open wounds created in trees. Secondary pathogesisspected of playing a role in the
eventualdieback andthe death of infested hogRReding et al. 2010

The physiological condition of a potential host tree plays an important role in the
selection behavior of. crassiusculuand other ambrosia beetles (Ranger et al. 2012a). When a
tree is stressed,can produce and emit acetaldehyde, acetic acid, acetone, ethane, ethanol,
ethylene, and/or methanol (Kimme&rKozlowski 1982 Kimmerer& MacDonald 1987

Holzinger et al. 200(Ranger et al. 2012aWater damage, improper planting, drought stress,
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pollutants, low temperature, impaired root function, and diseases are some of the factors that can
lead to the emission of ethanol and other strelsged volatile cues (Kelsey 2Q@anger et al.

2012). This gaseous ethanol is importamtdttractinganbrosia beetles to invade host trees

(Ranger et al. 201®Ranger et al. 2012a,b). Ethanol is an attractant for a number of ambrosia
beetles (Ranger et al. 2010, 2011, 2012b). Mixtures of ethanol and methanol have also increased
trap captures of the bark likeHypothenemus hamp@terrari) compared to ethanol alone (Da

Silva et al. 2006), indicating there is potentialifderactionsamong volatile compounds.

In addition to olfactory cues, visual cues can also play a role during host selection by the
Scolytinae. For instance, Da Silva et al. (2006) found green plastic bottle traps increased
captures oH. hampeiand other Scolytinae species compared to clear traps or transparent red
traps. Similarly, Strom et al. (1999) demonstrated that both the sopiherbeetle
Dendroctonus frontaliZimmerman) and hanasimus dubiu$-abricius) are affected by altering
visual silhouettes on traps, finding that white paint and white trap paneling caught significantly
fewer southern pine beetles than black or trangpaadoration. In order to improve the
detection and monitoring of various bark and ambrosia bettkesbjective of this research was
to examineolfactory and visual cues for their ability to enhance the attractiveness of ethanol
baited trapsWe hypotlesize integrated volatile and visual cues should increase trap capture and
potentially specificity of ambrosia beetl€urrent management of ambrosia beetles in nurseries
relies primarily on preventive treatments of insecticides applied to the trurmeesf which can
be improved with a greater knowledge of their seasonal activity and ecological interactions

(Reding et al. 201,0Hudson & Mizell 1999).

Materials and Methods

Experiment 1: Influence of Olfactory Cues
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The ability of methanol to enhance thractiveness of ethanol to various Scolytinae was
investigatedusing Baker traps (Bambara et al. 2008ver et al. 2004]Figure2.1). Traps
consisted of 2 L transparent bottles cut vitteewindows above the bottom and hung from a
shepherd®sl hiom¢g ,i met he traps being &a41.2 m abo:
liquid dish detergent (100:1; v:v) was added to the bottom of the container to subdue and kill the
entering beetles. An 8 dram (29.5 ml) clear glass vial with a cotton wick (8 Qatton®
American Fiber and Finishing In&t. Albemarie, IT) containing the volatile attractants (28
mL) held in place with parafilm was hung inside each individual bottle trap. Release rates for the

volatileswere held constant at 3.8Jgy acrossill treatments by filling the uniform bottle

(diameter 25 mm) completely with a cotton wick.

Figure 2.1. A Bakerbottle trap design was uséal testing the attractiveness of varyiragios of

ethaml and methanol to ambrosia beetles.
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Trap treatmentsicluded the following ratios of 95% ethanol to 99.8% methanol (EMD
chemicals IncDarmstadt, Germany(v:v): 0:100, 25:75, 50:50, 75:25, 100:0. Attractant test
solutions were replenished every 3 days over the course of the experiment.

Traps were deploykin a randomized complete block designheTuskegee National
Forest, Macon County, Alabamid 32° 29'19"W 85° 35'39") from12 Jun to6 Jul2011.There
were sevemeplicates were treatment, and collections were made every 3ldags.within each
block were 6 m apart and were located in separate parts of Tuskegee National Forest. The trap
sites were densely populated with a mixture of pine and hardwood trees and were partially
shaded. Traps were returned to the laboratory fanisies identificationXylosandrus
crassiusculusvas identified to species, but the remaining specimens were grouped as total

Scolytinae.

Experiment 2: Influence of Visual Cues

A second trapping experiment was conducted to examine the attractiveness of different
wavelengths tX. crassiusculuand other Scolytinae. Embedded into the top of the
aforementioned traps and spaced equally along the top rim of the bottle were foatt lightv
emitting diode (LED) bulbs (Boesch Built LLC, Waterford Township) Fowered by a 6 volt
battery (McMasteCarr® Elmhurst, 1) that was fasterkedirectly underneath the tragSigure
2.2).The LED color wavelengths included 395 nm (UV), 470(bfue), 525 nm (green), 62
nm (red), and a blank contrdtigure2.3). The LED lights were powered continuously

throughout the entire duration of the experiment. Each trap was also baited with the
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aforementioned 95% ethanol lure. Traps were arrangeddonaized complete blocks in

Tuskegee National Foredthe field test was conductém 12 Junto 6 Jul 2011. There were 7

replicates per treatmerdnd collections were made every 3 days

Figure 2.2. An improved bottle trafor testing the attractiveness\ajlatile cues andvarious

light emitting diode (LED) wavelengths, includiag§5 nm (UV), 470 nm (blue), 525 nm (green),
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Figure 2.3. Light emitting diodes (LED) (1.5 watts) were attached to trapsstahe
attractiveness of different wavelengths, includd®p nm (UV), 470 nm (blue), 525 nm (green),

and 625 nm (redBoesch Built LLC, Waterford Township, MI)

Statistics

A oneway analysis of variance (ANOVA) was performed on é@g+1)transformed data
to compare the attractiveness of varying ratios of ethanol to methanol on Scolytinae trap captures
(U = 0.05; PROC GLM; SAS | ntsansformadneans2véd® 3 ) . Di f
separated using Tukey0 sHSDotestdPx0.05y Aanewgyn i f i cant
ANOVA (U = 0. 0SAS InfitRt©200BB Lol (x +1) transformed data and
Tukeyds mPID5)tvas also uged to compare Scolytinae trap captures associated with

the various LED colors.

Results

Experimentl: Influence of Olfactory Cues

No significant difference was detected in captures of all Soalgtamondraps baited
with varying ratios of ethanol to methanol (100:0; 75:25; 50:50; 25:75; O:EQey< 0.99,P =
0.43) Figure 2.4). No significant diferences in mean (SE) captures oX. crassiusculusvere
detected amongaps baited with ethanol alone (0.57 £ 0.30), methanol alone (1.0 £ 0.38), or
varying ratios of ethanol to methanol at 75:25 (1.0 £ 0.53), 50:50 (1.57 £ 0.53), 25:75 (0.86 +

0.59) Fa30= 0.54,P = 0.71).

Experiment 2: Influence of Visual Cues
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Ethanotbaited traps supplemented with green (525 nmwd@395 nm) LED lights
capturedsignificantly more Scolytinae than traps baited with ethanol aleng € 4.34,P =
0.007) Figure 2.5). However, no significant difference was detected in tarassiusculus
trap captures amorgghanoibaited traps supplemented with UV (395 nm) (0.71 + 0.29), blue

(470 nm) (0.57 = 0.43), green (525 nm) (1.0 £ 0.44), and red (625 nm) (0.14 £B0O%)F4 30

=0.99,P = 0.43).
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Figure. 24. LOG transformed mmber (mean + SE) of Scolytinae adults collected with bottle
traps baited with various ratios of ethanol to meth&dl00,25:75, 50:50, 75:25,00:0)
deployed fromJunto Jul 2011 in Tiskegee National Forest, AUSA. Means with different

letters indicate significant differences (eway ANOVA; P <0.05).

LOG MEAN capture of Scolytinae

Blue Control Green Red uv

LED

Figure. 25. LOG transformed mumber (mean + SE) of Scolytinae adults collected with ethanol

baitedtraps supplemented with various LED lights during ttudul2011 in Tuskegee National
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Forest, Alabama, USA. Means with different letters indicate significant differencesvéyne

ANOVA: P < 0.05).

Discussion

Methanol alone was just as attractive asrethalone Figure 1), in contrast to findings
from other studies involving Scolytinaklontgomery &Wargo (1983) did not find a mixture of
50% ethanol, 5% methanol, and 5% acetaldehyde to be more attractive than ethanol alone to
various Scolytinae. Similgr, Ranger et al. (2010) found methaialited traps were more
attractive taXylosandrus germany8landford) than acetaldehydand acetondaited traps, but
less attractive than ethargodited traps. Injecting sweetbay magnditagnolia virginianal.
(Magnoliales: Magnoliaceaeyith methanol did not induce mopestambrosia beetle attacks
than a nofinjected control, but over 120 attacks per plant were induced following ethanol
injection(Ranger et al. 2010T.he lack of significant differences amongyaof the treatments
involving various ratios of ethanol to methanol could be due to low trap counts from deploying
traps after peak flight, which typically takes place in MaApr in Macon County, labama
(Gorzlancyk, pers. obs.) The relatively highease rate of ethanol and methanol from our lure
apparatus may also have resulted in low trap counts. A positive concentration response to ethanol
has been demonstrated for a few ambrosia beetles (Klimetzek et gIRE®®@r et al. 2011,
2012b), but too igh of a release rate could have a repellent effect on ambrosia beetle orientation.
Montgomery& Wargo (1983) found ethanol released giday attracted more Scolytinae than
higher release rates. Thus, a mixture of ethanol and methanol cannot be recedasand
alternative or replacement ethanol alone as an attractant Xorcrassiusculuand other

Scolytinae.
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Ultravioletand household floodlights are currently used in general insect traps §yms
Goodman 198 Ferreira et al. 2012). Results from our current study demonstrated Scolytinae
showed a higher attraction to ethabaited traps supplemented with green (525 nm) and UV
(395 nm) LED lights compared to ethadttalited traps alone. Attraction to green wangtas
has also been noted to occur in other members of the Curculionidae. For instance, N&kamoto
Kuba (2004) found evidence that the we@&ukcepes postfasciat(lsairmaire)(Coleoptera:
Curculionidae)preferred green LEDs to the UMht traps.

Our results suggest ethanbhited traps supplemented with green or UV LEDs would be
useful for detecting various Scolytinae in a nursery or forest setting. The integration of specific
LED wavelengths into other trap dagurations could potentially yield spesispecific
responses. A more detailed examination is therefore warranted to elucidate the physiological
mechanisms underlying the role of visual cues in behavioral responXesitagsiusculuand

other Scolytinae.
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CHAPTER 3

CAPTURE OF CNESTUS MUTILATUS(BLANDFORD), XYLOSANDRUS
CRASSIUSCULUSMOTSCHULSKY), AND OTHER SCOLYTINAE (COLEOPTERA,
CURCULIONIDAE) IN RESPONSE TO GREEN LIGHT EMITTING DIODES,
ETHANOL, AND CONOP HTHORIN

Abstract

Traps were deployed to determine #tiactiveness of three different treatnsgotbark and
ambrosia beetles (Coleoptera: Curculionidae: Scolytimaahely, traps baited with ethanol
alone, ethanol plus conophthgrandethanol, conophthorin, argiteen LEDs Ethanoibaited

traps integrated with conophthorin and green LEDs (525 nm) were more attractive to
Xylosandrugrassiusculugnd other Scolytinae than traps baited with ethanol aloreantrast,
Cnestugnutilatuscapture was not affected by the additadrconophthorin, or conophthorin and
green LEDs to ethandiaited traps. This study indicates that ethdrated traps supplemented
with conophthorin and green LEDs can be useful for improving the attractiveness of-ethanol

baited traps tX. crassiusculsiand other Scolytinae.

Introduction

The camphor shot borefnestus mutilatu@Blandford) (Coleoptera: Curculionidae:
Scolytinae)is an ambrosia beetle of Asian origchiefer &Bright 2004). It was first detected
in the United States withi@ktibbeta County, Mssissippi in 1999 (Schiefer &right 2004). In

Asia, C. mutilatuss known to attack many hardwood species, includiogr, Albizzia,

26



Carpinus, Castanea, Cornus, Fagus, Lindera, Osmanthus, and Swigp@ni@Vood &Bright
1992,Schiefer &Bright 2004). In the United StateS, mutilatushas undetermined pest
potential, but has bedaundin Alabama, Arkansas, Florida, Georgia, Louisiana, North
Carolina, Ohio, Tennessee, Texas, and West VirgBan@hiet al. 2009, Oliver et al. 2012).
The gramlate ambrosia beetlXylosandrus crassiusculsotschulsky) (Coleoptera:
Curculionidae: Scolytinagjvas first detected in the United States near Charleston, South
Carolina (Anderson 1974 urrentlyX. crassiusculuss found within the northeastern, @i
Atlantic, southeastern, southern, midwestern, and northwestern United(Rt¢e% Hunter
1995).It can attack more that0 hosts, ranging from hardwa¢o pine (Hudson & Mizell
1999,0liver & Mannion 2001).

Olfaction plays an important role duringgtdocation by ambrosia beetles. Due to its
emission from living, but weakened trees, ethanol acts as an important attrackant for
crassiusculugind a number of other ambrobieetles (Oliver & Mannion 2001, Ranger et al.
2010, 2012, 201XKelsey et al. 2013). Ethanbhited traps are commonly used for detecting and
monitoring ambrosia beetles, and efforts are underway to identify compounds that enhance trap
attractiveness. One promising compound, conophthorin, is associated with thédasgkiety
of angiosperm trees and is also produced by several Scolytinae (Huber et al. 2001).
Conophthorin disrupts the response of several bark beetles (Huber et al. 2001), but recent studies
by Dodds & Miller (2010) found it increased the attractivenafstrap trees t&Xylosandrus
germanugBlandford).

In addition to olfactory cues, visual cues also play a role in host location by various
Scolytinae (Campbell and Borden 2009) and may be useful for improving trap attresgit@ne

ambrosia beetles. study by Mathieu et al. (1997) demonstrated the preference of

27



Hypothenemus hampdkerrari)for red or white traps depending on the release rate of trap
volatiles.Chapter Zlemonstratedtbanotbaited traps supplemented with green (525 lnghj}-
emitting dode (LED) bulbsvere more attractived Scolytinaghan traps baited only with

ethanol In order to improve the detection and monitoring of various bark and ambrosia beetles,
the objective of this research was to exangioeophthorin and green LED@r their ability to
enhance the attractiveness of ethdvated trapsWe hypothesizentegrategoheromonaand

visual cues should increase trap capture and potentially specificity of ambrosia beetles.

Materials and Methods

We conducted a fieldased trappingtudy to test thability of conophthorirand green
LEDs to enhance the attractiveness of ethdadted traps$o X. crassiusculuandC. mutilatus
(Figure3.1). Three trap treatments were tested, namely: (1) ethanol alone, (2) ethanol and
conophthorinand (3) ethanol, conophthorin, and green LEDs. Lindgypa taps consisted of
eightblack opaque funnels with a detachable white plastic collection cup hung fratah

shepherdébés hook, resulting i nAnixtue oftvateceapds b e i
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