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Abstract

Cutworms and armyworms (Lepidoptera: Noctuidae) are part of a pest complex, native to
North America, that causes sporadic economic damage to multiple annual crops grown across the
Canadian Prairies. Both larvae and adults are generalist herbivores anrangd of hosts from
different plant families. Cutworm and armyworm life history and phenology has been well
studied but the effects of agricultural practices on larval performance are unknown. Adults can
disperse over long distances. There are no reliadanitoring tools developed to detect temporal
or spatial changes in population density for most cutworm species. In order to develop an
effective monitoring program, it is important to understand cutwmap interactions from both
the individual and pagation levels. In this thesis, | take an Integrated Pest Management (IPM)
approach to identify knowledge gaps on eoyworm interactions.

The first component of this thesis focused on arofwvorm interaction at the individual
level. The influence ofereal crop variety (Poaceae) and fertilization regime were evaluated on
the relationship between oviposition preference and larval performance of the true armyworm,
Mythimna unipunctgHaworth). Females prefer the lowest quality host, feed barley (Xéiaad), t
supported the lowest larval performance. The addition of fertilizer increased the nutrition quality
of the host plants and enhanced the larval performance, however, females failed to assess the
nutritional quality of the host and equally acceptedlieetl and unfertilized hosts. The true
armyworm does not exhibit the 6émother know be
employs a behedging strategy instead.

The effect of crop species and fertilization regime on the larval performand¢araad
feeding preference were evaluated on the redbacked cut&asoa ochrogasteiGuenée), and

pale western cutworm@grotis orthogonigMorrison). Larval performance and preference were



evaluated on three hosts: candaassica napus.) (Brassicaces), field peasFisum sativum
L.) (Fabaceae) and spring whéatiticum aestivuni.) (Poaceae)The redbacked cutworm has
higher performance on canola and field peas, while pale western cutworm has higher
performance on wheat. In multiptdoice feeding gxeriments, redbacked cutworm prefers
canola over peas and wheat, while pale western cutworm prefers spring wheat over canola and
peas. The effect of plant fertilization was tested using two plant hosts (canola and spring wheat)
exposed to two fertilizatioregimes (unfertilized and fertilized). When fed unfertilized seedlings,
redbacked cutworm has better performance on canola, whereas pale western cutworm has better
performance on spring wheat. Fertilizer application enhanced the performance of botimsutwor
regardless of the crop species. Despite their generalist feeding behaviour, both cutworm species
have larval feeding preferences that match the host plant with high performance-ceaeala
crop is a common crop rotation schedule in the region, haweng tactic will not negatively
impact cutworm performance.

The second component of this thesis focused onaubporm interactions at the
population level, specifically on the adult stage of cutworms and the chemical ecology of feeding
attractant volales. A series of field experiments were conducted to develop adased
semiochemical to monitor the cutworm and armyworm pest complex with a single lure in
Canadian Prairie agroecosystems. The combination of acetic acidnagihy 1-butanol
(AAMB) attracts noctuid pest moths. My approach was to enhance the attractiveness of the
AAMB lure to monitor the redbacked cutworm moth in canola and wheat fields in central
Alberta. | tested: 1) different release rates of AAMB released from different devick8) tre
addition of other foodbased semiochemicals to the AAMB lures. | also evaluated the

attractiveness of volatile compounds released from Canada thistle as a potential lure to monitor



noctuid pests; and 4) the influence of moth physiological statieeoresponse to fodoased
semiochemicals. Results focus on food bait lure development to efficiently monitor multiple
cutworm moth species with a single lure and reduced pollinatoatzy. Finally, | report on the
diversity and abundance of noctuid im®trapped with food bait lures based on the volatile by

products of fermented sugar baits.
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within each instaof each speciesre statistically different Tuk ey met hod, u =

005peeééececeeceeééceceeceéeecececeeéeeceeceééeeceeceéd . ee.

Figure 3-11. Meanhead capsule width (mMSE)within eachinstar.(A) Redbacked cutworm
(Euxoaochrogaste) (B) Pale western cutworifigrotis orthogonig. Means comparisowas
performedbetweercrop specied fertilizer treatmentvithin eachinstar.Bars marked with

different letterswithin each instaof each specieare statistically different Tu k ey met hod,
0.05) -NS- represents nsignificant

di fferencéeéécéetécé éeeceééeeceeceeééeeeeééeececce . 100

Figure 3-12. Boxplot of redbacked cutworifEuxoaochrogastey larval developmental time
(days),from third instar to pupatiarMidline indicates the median; the top and bottom of the box
indicates the first and third quartiles, respectivesyrtical line or whiskers represent the
maximum value or 1.5 interquartile range of the dakeere is no difference in weight between
male and female individualsleans comparisowas performed for differencétweercrop
species fertilizer treatmentBoxplots marked with ifferent lettersare statistically different

rrrrrrrrrrrrrrrrrr

(Tukey met B®,ééld éx éR.EBR)E EEEééedééeéééél0l
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Figure 3-13. Boxplot of pale western cutworrfAgrotis orthogonig larvaldevelopmental time
from third instar to pupatiorMidline indicates the median; the top and bottom of the box
indicates the first and third quartiles, respectively; vertical line or whiskers represent the
maximum value or 1.5 interquartile range of the datal open circles represent points more
than 1.5 timeshte interquartile rangéleans comparisowas performed for differencéstween
sexesand crop specieBoxplots marked with ifferent letterdbetween crop species are
statistically differen{ Tu k ey me t h dpper antlower clse @fFesent sigaific

/////

differences between sex within crop spe¢ieEu k ey met Redd,é éU €= éQ .2D5)

Figure 3-14. Redbacked cutwornE(ixoaochrogastey mean pupal weight (my SE) bycrop
species and fertilizer treatme() Males. (B) FemalesMeans comparisowasperformed for
differenceshetweercrop species and fertilizer treatmeBars marked with ifferent letters

within sexare statistically different Tu k ey met Béd,é éld é=% é®..05)¢F 10

Figure 3-15. Pale western cutwornfgrostisorthogonig mean puplaweight (mg° SE) bycrop
species and fertilizer treatme() Males. (B) FemalesMeans comparisoperformed for
differencesdhetweercrop species and fertilizer treatmeBars marked with ifferent letters

within sexare statistically different Tu k ey met Bdd,é éld é=% é€.é05). 410

Figure 4-1A. Experiment 1 (2014) Average number of redbacked cutworm (RBE)Xoa
ochrogastey moths captured perap per week at seven sites antral Alberta, Canada. RBC
moths were monitored with threaps: RBC sex pheromone, AAMB lure and an unbaited

trappééeééeeéecéeecéeeccécececeéececeéeeceéecéeecéee. 501
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Figure 4-1B. Experiment 1 (2014) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths per baited trap. Midline indicatbe median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile range of the data or the maximum gpRrecircles represent
points more than 1.5 times the inteaqtile rangeThere is no difference in moth trap catch
between canola or wheat fields. Means comparisons were performed for differences in trap
capture in traps baited with RBC pheromone lure, AAMB lure and in unbaited traps. Boxplots

marked with differet | et ters are statisticaeabbg. &BIf feren:

Figure 4-2A. Experiment 1 (2014) Average number of bertha armyworm (BAWJdmestra
configuratg moths captured per trap per week at seven siteaninalAlberta, Canada. BAW
moths were monitored with three traps: BAW sex pherom&A®&)B lure and an unbaited

trapéééeeceéééeceecééécecectebe éééeeceééeeeceée. 2

Figure 4-2B. Experiment 1 (2014) Boxplots of the season long capture of bertha armyworm
(BAW) (Mamesta configuratg moths per baited trap. Midline indicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile range of the data or the maximum gpkreircles represent

points more than 1.5 times the interquartile rafigeere is no difference in moth trap catch
between canola or wheat fields. Means comparisons were performed for differences in trap
capture in traps baited with BAW pheromone lure, AAME: and in unbaited traps. Boxplots

,,,,,

mar ked with different |l etters aréééeeatilb3st i c al
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Figure 4-3A. Experiment 1 (2014) Average number of true armyworm (TAVWIythimna
unipunctg moths captured per trap per et seven sites icentralAlberta, Canada. TAW
moths monitored with three traps: TAW sex pheromone, AAMB lure aad imbaited

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 7

trapéééceeeeeéeceeeceeeeceeeeceeéeceeeeceeeéeceeecee. el

Figure 4-3B. Experiment 1 (2014) Boxplots of the season long capture of true armyworm
(TAW) (Mythimnaunipunctg moths per baited trap. Midline indicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical limbiskers
represent the 1.5 interquartile range of the data or the maximum gpRrecircles represent
points more than 1.5 times the interquartile ramddeans comparisons were performed for
differences in trap capture in traps baited with TAW pherarore, AAMB lure and in

unbaited traps by crop. Boxplots marked with different letters within crop are statistically

di fferent (Tukégéméeheéd, UéécoéoBEéEce. 5

Figure 4-4. Experiment 1 (2014) Boxplots of the season long capturenofrtarget cutworm

and armyworm moth species captured per baited trap. Midline indicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile range @& tlata or the maximum valuepen circles represent

points more than 1.5 times the interquartile rafigeere is no difference in moth trap catch

between canola or wheat fields. Means comparisons were performed for differences in trap
capture in traps bat with: RBC = redbacked cutworm sex pheromone; BAW = bertha

armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW = army cutworm sex
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pheromone; AAMB lure and in unbaited traps. Boxplots marked with different letters are

statistically different (T k ey met h cddé,é élg é=¢ é06.606%)é é é é é & ..156

Figure 4-5A. Experiment 1 (2014) Average number of pollinators captured per week in traps
baited withlures targeting cutwormmothsat seven sites icentralAlberta, Canada. Lure types:
RBC = redbacked cutworm sex pheromone; BAW = bertha armyworm sex pheromone; TAW =
true armyworm sex pheromone; ACW = army cutworm sex pheromone; AAMB lure and

unbaitedtrap e e é é éeeeéééeeeéééeeceéééeceeeééeecee. 37

Figure 4-5B. Experiment 1 (2014) Boxplots of the season long capture of pollinatechich
captured in traps baited wittires targeting cutwormmoths Midline indicates the median; the

top and bottom of the box indicates the first and third quartiles, respertieetigal line or

whiskers represent the 1.5 interquartile range of the data or the maximurogeoeircles
represent points more than 1.5 times the interquartile raingee is no difference in pollinator
by-catch between canola or wheat fields. Reeaomparisons were performed for differences in
trap capture in traps baited with: RBC = redbacked cutworm sex pheromone; BAW = bertha
armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW = army cutworm sex
pheromone; AAMB lure and unbaited trdgoxplots marked with different letters are

/////

statistically diffeéeadééddake§éeneedd d, 1580 =

Figure 4-6A. Experiment 1 (2014) Average number of vepids captured per week in traps baited

with lures targeting cutwormmothsat seversites incentralAlberta, Canada. Lure types: RBC =

redbacked cutworm sex pheromone; BAW = bertha armyworm sex pheromone; TAW = true
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armyworm sex pheromone; ACW = army cutworm sex pheromone; AAMB and unbaited trap.

,,,,,,

Figure 4-6B. Experiment 1 (2014) Boxplots of the season long capture of vespiatéitgh

captured in traps baited wittires targeting cutwormmoths Midline indicates the median; the

top and bottom of the Bandicates the first and third quartiles, respectively; vertical line or
whiskers represent the 1.5 interquartile range of the data or the maximurmogeoeircles
represent points more than 1.5 times the interquartile raingee is no difference wespid

bycatch between canola or wheat fields. Means comparisons were performed for differences in
trap capture in traps baited with: RBC = redbacked cutworm sex pheromone; BAW = bertha
armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW =@utwprm sex
pheromone; AAMB lure and unbaited trap. Boxplots marked with different letters are

statistically different..(Tukey..met.hod.,BU = 0.

Figure 4-7. Experiment 2 (2014) Top panel: Average release rate per day (mg/dak) of

AAMB lure from Nalgene 10 mL bottle lures with different sized holes in the centre of the bottle
cap. Three releasates were tested: low (1.0 mm diam. hole in lid), standard (3.0 mm diam.

hole in id), high (5.0 mm diam. hole in lidl.ures were replaced every 2 weeks, at which time
individual analyses were performed for AAMB lures retrieved from the fihdre is no

difference in average release rate of lures positioned in traps in candiaatrfields. Means
comparisons were performed for differences among release rate treatments. Points marked with

di fferent | etters within date ar.e...s.t.,at.@lsti cal
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Figure 4-8. Experiment 2 (2104) Boxplots of the season long capture of male (top panels) and
female (bottom panels) noctuid moths in AAMB baited traps at different release rates
manipulated by the diameter of holes drilled in the centre of the bottle cap. Midline indicates the
median;the top and bottom of the box indicates the first and third quartiles, respectively; vertical
line or whiskers represent the 1.5 interquartile range of the data or the maximunopalue

circles represent points more than 1.5 times the interquartile.réngee release rates were

tested: low (1.0 mm), standard (3.0 mm), high (5.0 mm); and an unbaited trap. Means
comparisons were performed for difference in moth trap catch among the treatments by the
interaction of crop and sex. Boxplots marked with défgretters within moth sex and crop

,,,,,,

panel are statisticall yéé&édédéeddée.nété é(éTéuéklé2y met h

Figure 4-9. Experiment 2 (2014) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths in AAMB baitedriaps at different release rates of AAMB

lures. Midline indicates the median; the top and bottom of the box indicates the first and third
quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile range of the data or
the maximum vale open circles represent points more than 1.5 times the interquartile range
Three releaseates were tested: low (1.0 mm diam. hole in lid), standard (3.0 mm diam. hole in
lid), high (5.0 mm diam. hole in lid); and an unbaited trap. Means comparisoaparéormed

for difference in moth trap catch among traps baited with the different release rate treatments.

Boxplots marked with different letters are statisticallydier ent ( Tukey 162t hod,

Figure 4-10. Experiment 3 (2015) Boxplots ofthe season long capture of female (left panel)

and male (right panel) noctuid moths in traps baited with AAMB lures from different release

XXVii



devices. Midline indicates the median; the top and bottom of the box indicates the first and third
guartiles, respentely; vertical line or whiskers represent the 1.5 interquartile range of the data or
the maximum valueopen circles represent points more than 1.5 times the interquartile range
Three releaséevices were tested: 10 mL nalgene bottle, 10 mL polyethjdageind 10 g splat
matrix; and an unbaited trap. Means comparisons were performed for difference in moth trap
catch in traps baited with the different release devices. Boxplots marked with different letters

within moth sex are statistically different (Tyke met hodé é &é &é 6 é 6 5)164

Figure 4-11. Experiment 3 (2015) Boxplots of the total number redbacked cutworm (RBC)
(Euxoaochrogastey moths capture in traps baited with AAMB released from different devices.
Midline indicates the median; the tapd bottom of the box indicates the first and third quartiles,
respectively; vertical line or whiskers represent the 1.5 interquartile range of the data or the
maximum valugopen circles represent points more than 1.5 times the interquartile Tamge
release devices were tested: 10 mL nalgene bottle, 10 mL polyethylene bag and 10 g splat
matrix; and in an unbaited trap. Means comparison was performed for differences in moth trap
catch in traps baited with the different release devices. Boxplots maitkedifferent letters are

statistically diffe¢edééeddadedgémeedodelss U = 0.

Figure 4-12. Experiment 4 (2015) Boxplots of the season long capture of target pest species in
respective sex pheromone baited traps positioned in canataeat fields. Midline indicates the
median; the top and bottom of the box indicates the first and third quartiles, respectively; vertical
line or whiskers represent the 1.5 interquartile rarigheodata or the maximum valugpen

circlesrepresentposit mor e than 1.5 tinme&sédhéeé.imdlde quart |
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Figure 4-13. Experiment 4 (2015) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogaste)y moths in traps baited with AAMB lures with and without additional
chemicalcompounds. Midline indicates the median; the top and bottom of the box indicates the
first and third quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile
range of the data or the maximum valapen circles represent point®ra than 1.5 times the
interquartile rangeThe tested chemicals were an alcohol from fermentgutdyucts, 2methyk
1-propanol (MP), and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB
alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an mbaited trap that served as
control. Means comparisons were performed for difference in moth trap catch in traps baited
with the different food bait lures. Boxplots marked with different letters with crop panel are

statistically di£008fenéédadadkedé natébdd, 167U

Figure 4-14. Experiment 4 (2015) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths in traps baited with AAMB lures with and without additional
chemical compounds. Midline indicaté® median; the top and bottom of the box indicates the
first and third quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile
range of the data or the maximum valapen circles represent points more than 1.5 times the
interguartile range The tested chemicals were an alcohol from fermentqurdgucts, 2nethyt
1-propanol (MP), and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB
alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap that served as

control. Means comparison were performed for differences in moth trap catch in traps baited

XX



with the different food bait lures. Boxplots marked with different letters with sex panel are

/////

statistically diffeéeddééddadedé dnetéecdd, 1680 =

Figure 4-15. Experiment 4 (2015) Boxplots of the season long capture of pollinatechich
captured in traps baited wittires targeting cutwormmoths Midline indicates the median; the

top and bottom of the box indicates the first and third quartéspectively; vertical line or
whiskers represent the 1.5 interquartile range of the data or the maximurmogeoeircles
represent points more than 1.5 times the interquartile révhgye pollinators were captured in
canola fields than wheat. Meanswuarison were performed for differences in season long
pollinator bycatch in traps baited with the different lure types: RBC = redbacked cutworm sex
pheromone; BAW = bertha armyworm sex pheromone; PWC = army cutworm sex pheromone,;
TAW = true armyworm sepheromone; AAMB alone; AAMB+MP = AAMB plus-thethyl1-
propanol; AAMB+PAA = AAMB plus phenylacetaldehyde; AAMB+MP+PAA and an unbaited
trap that served as control. Boxplots marked with different letters are statistically different

//////////////

(Tukey met Bk é el éx ¢B.ERR)E EEEEcééeéé.éeé.d

Figure 4-16. Experiment 4 (2015) Boxplots of the season long capture of vespiatéigh

captured in traps baited wittires targeting cutwormmoths Midline indicates the median; the

top and bottom of the box indicates firet and third quartiles, respectively; vertical line or
whiskers represent the 1.5 interquartile range of the data or the maximuroypaneircles
represent points more than 1.5 times the interquartile raingee was no difference in vespid
by-catd in traps positioneth canola and wheat fields. Means comparisons were performed for

differences in total trap catch in traps baited with different lure types: RBC = redbacked cutworm

XXX



sex pheromone; BAW = bertha armyworm sex pheromone; PWC = army cus@grm
pheromone; TAW = true armyworm sex pheromone; AAMB alone; AAMB+MP = AAMB plus
2-methyt1-propanol; AAMB+PAA = AAMB plus phenylacetaldehyde; AAMB+MP+PAA and
in an unbaited trap that served as control. Boxplots marked with different letters areatstisti

di fferent (TukégétméthédeebBéeeconennyéeéeé.l170

Figure 4-17. Experiment 5 (2016) Boxplots of the season long capture of noctuid moths

captured in traps baited with lures releasing a Canada thistle (CT) floral blend at different doses
Midline indicates the median; the top and bottom of the box indicates the first and third quartiles,
respectively; vertical line or whiskers represent the 1.5 interquartile range of the data or the
maximum védue; open circles represent points more thantiimes the interquartile range

Treatments included: CT G.1CT 1.G; CT 2.G; CT 4.G; phenylacetaldehyde (PAA) alone

and an unbaited trap. Means comparisons were performed for differences in moth trap catch in
traps baited with the different lurdBoxplots marked with different letters are statistically

di fferent (TukégétméethoédeeBéececnenbEéeelrl

Figure 4-18. Experiment 5 (2016) Boxplot of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths captured itraps baited with lures releasing a Canada thistle
(CT) floral blend at different doses. Midline indicates the median; the top and bottom of the box
indicates the first and third quartiles, respectively; vertical line or whiskers represent the 1.5
interquatile range of the data or the maximunmue& open circles represent points more than 1.5
times the interquartile rang&reatments included: CT G.1CT 1.G; CT 2.G; CT 4.G;

phenylacetaldehyde (PAA) alone anduentbaitedirap. Means comparisons werafpemed for
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differences in moth trap catch in traps baited with the different lures. Boxplots marked with

//////

di fferent |l etters are statisddaeddegéd.ili2f erent

Figure 4-19. Experiment 5 (2016) Boxplots of the total numbef honeybeesApis mellifera)
captured in traps baited with lures releasing the Canada thistle (CT) floral blend at different
doses. Midline indicates the median; the top and bottom of the box indicates the first and third
guartiles, respectivelyertical line or whiskers represent the 1.5 interquartile range of the data or
the maximum valueopen circles represent points more than 1.5 times the interquartile range
Treatments included: CT G.1CT 1.G; CT 2.G; CT 4.G; phenylacetaldehyde (PAA)ame

and anunbaitedrap. Means comparisons were performed for difference in trap catch in traps
baited with thedifferent lures. Boxplots marked with different letters are statistically different

,,,,,,,,,,,,,,,,,,,,

(Tukey met BB é éld éx 6B.EBR)E EEEEééé eééééilr3

Figure 4-20. Experiment 6 (2017) Average EAG response (nVSE) of female (A,C,E) and

male (B,D,F) redbacked cutworm (RB@®ukoaochrogastey antennae (n=10) to feeding

attractant volatiles: acetic acid (A, Byn3ethyl1-butanol (C, D) anghenylacetaldehyde (E, F).

Means comparisons were conducted among dose within sex and chemical compound. Bars

marked with different letters within each panel represent are significantly different (Tukey

met hod, U = 0.05). Si gennalfresporsenct feddi uhfédenotesn c e b et

within dose and chemical compound is representgdby) ( Tu k &€y é@ é% €07405)

Figure 5-1. Sex pheromone lure specificity (Experiment 1) expressed as percentage (%) of target

species captured in sex pheromduagted traps from the total motinap catchRBC = redbacked
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cutworm Euxoa ochrogast@r BAW = bertha armywormMamestra configurata TAW= true

,,,,,,

Figure 5-2. Non-metricmultidimensional scaling (NMDS) for the diversity of moths sampled in

canola and wheat fields at seven sites in central Alberta (Stress = 0°268;R 1§ é é . .16 2

Figure 5-3. Non-metric multidimensional scaling (NMDS, Stress = 0.265:R.511) for tle
diversity of moths attracted to AAMB lure (acetic acid antiéhtyt1-butanol) compared to

unbaitedtraps e e é é éeeéeéééeeéééececeecéééeeceeééeee. 17 2

Figure 5-4. Diversity and abundance of Noctuinae moth by tribe captured in AAMB (Acetic
acid and 3methyl1-butanol) baited traps. (A) Barplot of the total number of Noctuinae species
by tribe. (B). Boxplot of the total number of Noctuinae moths by tiéhdline indicates the
median; the top and bottom of the box indicates the first and third quartiles, reslgpeéxtical

line or whiskers represent the 1.5 interquartile range of the data or the maxitoenopan

///////// 7

circles represent points more than 1.5 times the interquartile.éaggé é ¢ ¢ ¢ € € .¢é.. 1B

Figure 5-5. Non-metric multidimensional scaling (NMDS, Stress = 0.209=R.656) for the

diversity of cutworm and armyworm species attracted to AAMB lure (acetic acid-anath®/+

""""""""""""""

Figure 5-6. Boxplots of the total number of moths captured in AAMB lures with and without

additional chemical compounds. Midline indicates the median; the top and bottom of the box
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indicates the first and third quartiles, respectivesrtical line or whiskers represt the 1.5
interquartile range of the data or the maximunuegaopen circles represent points more than 1.5
times the interquartile rang&he tested chemicals were an alcohol from fermentqatdgucts,
2-methyl1-propanol (MP), and a floral volatilehpnylacetaldehyde (PAA). Treatments

included: AAMB alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap

that served as control. Means comparisons were performed for difference in moth trap catch in
traps baited with the different food bait lures. Blmts marked with different letters are

statistically dif er ent ( Tukey method, U = 0666% QB0 E¢éééé.

Figure 5-7. Non-metric multidimensional scaling (NMDS, Stress = 0.214=R.7182) for the
diversity of moths attracted to AAMB lureith andwithoutadditional chemical compounds.
The tested chemicals were an alcohol from fermentgarbgucts, 2methyt1-propanol (MP),
and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB alone,

AAMB+MP, AAMB+PAA, AAMB+MP+PAAandanunbdaed trap that &lerved ¢

Figure 5-8. Barplot of the total number of species of Noctuinae moth by tribes captured in traps
baited withAAMB lures with and without additional chemical compounds. The tested chemicals
were an alcohol from fermentég-products, 2nmethyt1-propanol (MP), and a floral volatile,
phenylacetaldehyde (PAA). Treatments included: AAMB aldwdylB+MP, AAMB+PAA,

AAMB+MP+PAAéeééceéceéceéeceéeeceéeecéecéeeceée®e. . . 2

Figure 5-9. Boxplots of the total number of Noctuinae moths by tribe captured in traps baited

with AAMB lures with and without additional chemical compoundgline indicates the
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median; the top and bottom of the box indicates the first and third quartiles, neslgecértical
line or whiskers represent the 1.5 interquartile range of the data or the maxitoenopan
circles represent points more than 1.5 times the interquartile.rahgeested chemicals were an
alcohol from fermented bgroducts, 2methyl1-propanol (MP), and a floral volatile,
phenylacetaldehyde (PAA). Treatments included: AAMB alone, AAMB+MP, AAMB+PAA,
AAMB+MP+PAA. Means comparisons were performed for difference in moth trap catch by
Noctuinae tribe in traps baited with the different food haes. Boxplots marked with different

letters within the panel are statisticallyfdie r ent ( Tukey é@ééé @éé223 U0 =

Figure 5-10. Non-metric multidimensional scaling (NMDS, Stress = 0.193=R.765) for the
diversity of cutworm and armyworspecies attracted to AAMB lukeith and withoutadditional
chemical compound3he tested chemicals were an alcohol from fermentegardgucts, 2
methyt1-propanol (MP), and a floral volatile, phenylacetaldehyde (PAA). Treatments included:
AAMB alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unb&gd trap that served

////////////////////////////////

ascohr ol eeeéeéeééeééécecececeeceeéééceceecctedeee. 242
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List of Abbreviations

TAW 1 True armyworm

RBC1 Redbacked cutworm

PWCi Pale western cutworm

BAW 1 Bertha armyworm

ACW T Army cutworm

MVOC i Microbial volatile organic compound
AAMB 1 Acetic acid + 3methyt1-butanol

MP 1 2-methyt1-propanol

PAAT Phenylacetaldehyde

CTi Canada thistle
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Chapter 1. General Introduction

Agriculture in the Canadian Prairies

The Prairie Ecozoneavhichconstitutes the northern region of @entralPlains of
Western Canada that covers most of Albaltalower half of Saskatchewan and the western
portion of southern Manitob@horthouse, 2010Yhe Prairie Ecozone is characterized by
grassland habitats, typically consisting of {oing valleys and plaingShorthouse, 2010At
least 786 of the Canadian Prairie landscape, originally dominated lyengitasses, has been
highly modified by humans to support crop cultivation and livestock production over the past
century(Vankosky et al., 2017Fragmentation of the landscapeoughintensive monoculture
is one of the major drivers of reduced arthropoeiity in the prairie grassland ecosystem
(Meehan et al., 2013Agroecosystems in the Gadian Prairies are dominated by spraogvn
annual cereals, oilseeds, pulses and perennial forages maintained under intensive farming
practices, and therefore, are in a constant state of disturbance on an anniislartesis et al.,
2015) Agronomic activities like monoculture, crop rotation, varying levels of soil disturbance
(i.e. tillage ancharvest), chemical and organic inputs to manage soil fertility and pests have a
strong impact on insect community structure and population densities that may increase crop
vulnerability to pest outbreakShennan, 2008)

The order Lepidoptera is one of the most diverse insect taxa in the Prairie Ecozone, with
2,232 species recorded in 61 famil{@shl et al., 2014)Noctuid mothgLepidoptera:
Noctuidae)alone, with 693 reported species, make up 28% of the entire Lepidoptera fauna in the
Canadian Prairie@ohl et al., 2014)T'he majority of noctuid species in the Canadian Psairie
have a benign effect on agriculture or provide valuable ecosystem services, while only a small

number of noctuid species are considered to be péaidkosky et al., 204). These noctuid pest



species comprise the cutworm and armyworm (Lepidoptera: Noctuidae) complex that cause
economic damage to multiple annual crops grown across the Canadian FBairies, 1971,
Floate, 2017)Sporadic outbreaks have occurred sincertreduction of extensive agriculture

in the Prairies in the early 20th centiing and Atkinson, 1926)

Crop-Cutworm Interactions
Individual level

A major feature of insegtlant interactions ishe degree dfiost specialization
(Schoonhoven et al., 2003nsects that feed on one or a few closely relatedsispsicies within
the same plant genus araegorizedhs monophagous, whilesects that feed on a few number
of host species within the same plant family@ked oliggphagous, and lastly, insects that feed
on many host species fronffdrent plant family are called polyphago{&choonhoven et al.,
2005) This classifications arbitrary because it is difficult to delimit differenceveeen
monophagy and oligophagy, and therefonsects that feed on one or a few host species from

the same plant family aregadeda s &6 speci ali st herbivoreso,

mul tiple host species from different plant

(Schoonhoven et al., 2003)ost planspecialization is a common feature among insect

herbivores, while less than %of insect herbivore species are generalBesnays and Graham,

wh e

f a

1988) One aspect that favours generalist over specialist herbivores is their ability to use different

hod plants, and thus, haggeater resource availability in the hab{f@éernays and Minkenberg,
1997) Cutworm and armyworm moths are generalist pests on a wide range of hosts from

different plant familiegLafontaine, 2004)



The O6naupuve adaptationd hypothesis, or &édmot
natural selection favours females with an ovipositionguezfce for host plants on which
offspring will have the highest performangesvins and MacArthur, 1969, Courtney and Kibota,
1990) Generalist herbivores have a disadvantage over specialists, however, as generalist females
must discriminate among many options to select an optimal host plant dpecifspring
developmen{Bernays, 2001)insect diet breadth is a factor that highly influences female
oviposition preference fauitablehosts, in which specialist herbivoresvie a stronger
preference fosuitablehosts plants compared to generalist herbiv{@gpenberg et al., 2010)
The Oneur al ' i mitationd hypothesis sdtuates t ha
system, specialist females process a limited set of information and make them more efficient and
accurate in selecting host plants for offspring development than generalist her{Besres/s
and Funk, 1999, Bernays, 2001) Despi t e the overall support f ol
there are numeus studies for which preference and performance are not strongly coupled
(Gripenberg et al., 2010Many generalist pest species, like cutworm and armyworms, do not
oviposit on host plants or have highlyhile larvagBernays and Minkenberg, 1997hese life
history traits may result in a mismatch between female oviposition preference and larval
performance.

Crop rotation is a common agricultural practice that ainexfdoit the feeding habits of
specialist herbivorewith limited dispersal abilityo prevem pest density buildup through
substitution with norhost cropgBullock, 1992) Crop rotation can cause larvae to feed on less
than optimal host plants, which can afféhe performance and altfitness of the target pest.
The overwintered insect stagpaestricted to feed, at least initially, on the current crop after

diapausewhich may differ from thatedected by the adult femal&lthough generalist



herbivores a able to complete their life cycle on different host plant species, many generalists
can discriminate among host plant species within the acceptedahgstand show some degree
of preferenc€Schoonhoven et al., 2008Jutworm and armyworm female moths may
demonstrate a hierarchical host plant selection for offspring development among crops grown in
the Canadian Prairies.

Host nutritional quality strongly influences herbivore performandkelarval stage; this
influence can carry forward to the adult stage, and affect fecundity or lon¢®hatysky and
Scriber, 1985)Agronomic activities, like fertilizer input, increases theritional quality of the
host plant, antherefore could enhance theerformance of the herbivote an upper limit
(Slansky and Scriber, 1985)hese bottorup effects on herbivore growth areproduction can,
in turn, impact population density and contribute to outbreaks of cutworm and armyworms.
Population level

Dispersal allows pests to escape disturbances and locate suitable habitats for mating and
offspring development. The dispersal apibf pests influences their spatial and temporal
distribution and abundance, and this influence in turn may lead to an increase in pest population
densitiedMazzi and Dorn, 2012)Adult cutworms an@rmyworms are large, robuisodied
moths that can disperse over long distarfbésNeil, 1987, Showers et al., 1989, Hendrix 11l and
Showers, 1992High dispersal capability and polyphagy in these noctuid pests allow them to
escape disturbances and locate suitable habitat for mating and offspring development.

Pest population densities are oftedueed in landscapes with diverse vegetatdazzi
and Dorn, 2012)Two hypotheses have been proposed to explain the redbhoadancef pests
in heterogenous habit at pothesiE btaes that betemgemeous conc e

habitats negatively affect the ability of insect pests to locate suitable host plants, while the



6enemy6 hypothesis states that pest density
enhanced in diverse egasems(Root, 1973. Simplification of grassland habitats with extensive
monoculture crop production and disturbance atloutworms and armyworms to locate

suitable host plants in a concentrated space, which could potentially increase pest density to

outbreak levels.

Cutworm and Armyworm Pest Complex

Cutworms and armyworms (Lepidoptera: Noctuidae) are part of a pest complex that
causes sporadic economic damage to multiple annual crops grown across the Canadian Prairies
(Floate, 2017.)These pests are native to North America, and they are associated mostly with
grassland habitatrather than with specific larval host platitafontaine, 1987)The life-history
traits and phenology of cutworms and armyworms vary considerably between $Bgerssand
Struble, 1987, Ayre and Lamb, 199Qutworm damage generally occurs in early summer when
annual crops are at the seedling stage. Early instars feed on seedling foliagas\waterinstars
display the characteristic cutworm feeding behaviour and cut seedling stems to feed on the stem
and foliage that ultimately kill the seedlif§trickland, 1923)Conversely, crop injuripy
armywormgenerally occurs in mid to late summer when annual crops are at the reproductive
stage. Earlynistars feed gregariously on host plant foliage, whereas late instars can disperse
masseacross thedndscape in search of host plants when food sources are déBletldnd,
1958, Mason et al., 1998)arval feeding at low population densities results in crop thinning,
however, outbreaks can cause complete destruction of fields and yie(Bdos®, 1971)

Sporadic outbreaks have been reported for several species. For example, an army

cutworm,Euxoa auxiliarisGrote, outbreak in 1990 affected over 10,000 ha in southern Alberta,



of which 6,000 ha were sprayed with insecticide while the ir@ntpaffected area was reseeded
without sprayingByerset al., 1993)Similarly, outbreaks of the bertha armywoiviamestra
configurataWalker, in canolaBrassica napus.) (Brassicaceae) in 1994 and 1995 caused yield
losses of CAN$30 million and spraying costs of approximately CAN$16.5 million in western
CanadgMason et al., 1998)n Alberta, more than 45,000 ha were sprayed to control bertha
armyworm outbreaks in 2012 and 2qQE¥enden et al., 201.7An outbreak of the glassy
cutworm,Apamea devastat@Brace), in 2000 affected approximately 3,500 ha of fescue
(Festucasp. L.) (Poaeae) seed fields and pastures in northern Alberta, which caused economic
losses of approximately CANgmillion (Dosdall et al., 2000)The redbacked cutworriuxoa
ochrogastei(Guenée), and the pale western cutwokgrotis orthogonigMorrison), are the
most common cutworm species with localized outbreaks across the Prairie Provinces affecting
canola and cereal crops in 2015 and 20/6C.C.P., 2015, W.C.C.P., 2016)festation of two
or more species may -@xcur in the same field if conditions are favourgdlgre and Lamb,
1990) Outbreaks appear to be cyclical and persist for two to four years focutasirm
species, followed by two years or more of relatively sca(@girne, 1971)Unless cutworm and
armyworm populations are monitored systematically in high and low population phases,
population surges will not be detected or predicted.
Target species
Redbacked cutworm

Euxoa ochrogastecommony known as the redbacked cutworm, is the most
economically inportant and common cutworm pdisat affects multiple annual crops across the
Prairie Province¢Gavloski and Meers, 2011} his cutworm species is widely distuited in

Canada and the northern United Stgtegontaine, 1987)It occurs from Newfoundland



westward to western Alaska, and southward to the northern tier states of the United States, at
least as far south as Coloragtardwick, 1965)

Euxoa ochrogastes univoltine and overwaters as fully developed first instar larvae
within the eggJacobson, 1970, Philip and Mengersen, 198&)vae eclose from eggs in April,
in thePrairie Provinces, and develop through six larval ingt&irsy, 1926, Jacobson, 1970)
Larvae feed above and below the ground surface at night, however, this cutworm species is also
frequently active throughout the dé§trickland, 1923)Larval development is completed in
mid-June andhe pupal stagéasts for three to four weeks &m earthen cell in the soil prior to
moth emergence in late sumngéacobson, 1970, Beirne, 197Tje adult flight ranges from
late-June to earhOctober in the Prairie Provinces, with peak flight activity from-igyustto
mid-Septembe(Byers and Struble, 1987, Gerber and Walkof, 1988jnales mate multiple
times as early as two days after emergence, howevanges are not filled with eggs for eight
days after moth emergence, also known as preoviposition pgrambbson, 1970, Berry, 1975)
The maximum adult lifespan is 20 days for both sexes under laboratory con@iioabson,

1970)

Euxoa ochrogastes a generalist herbivore. Moths have been recorded to forage on
flowers of goldenrodolidagospp. L) (Asteraceae) and may be pollinators of sunflowers
(Helianthusspp. L) (AsteraceadBeirne, 1971)Larvae feed on a wide range of host plants from
different families, however, there is some evidence that larvae prefer canola aadinust
cereals cropgBeirne, 1971, Willenborg and Dosdall, 201Egmales do not oviposit directly on
larval host plants but lay eggs in loedgy soil under crop stubble or in fallow fiel@Beirne,

1971) There is no preference for oviposition in the proximity of certain larval host ryres

et al., 1982)



Pale western cutworm

Agrotis orthogor, commonly known athe palewestern cutworm, is an economically
important cutworm pest mainly of cereal crops in the PranoeiRces(Gavloski and Meers,
2011) This cutworm species occurs in dryland areas of the northern Great Plains, particularly in
the southern regions of the Prairie Provingegontaine, 2004)

Agrotis orthogonias univoltine and overwinters as fully developed first instar larvae
within the eggJacobson, 1962) arvae eclose from eggs in April, in the Prairie Provinces, and
develop through sirr seven larval instarf@acobson, 1971)n contrast to the redbacked
cutworm,A. orthogoniaarvae are subterraae in habit and all instars feed below the ground
surface at nighfJacobson et al., 195@)arval development is completed in June dredpupal
stagdasts for three to four weeks @am earthen cell in thsolil prior to moth emergencehe
adult flight period ranges from earAugust to midSeptember in the Prairie Provinces, with
peak flight activity in midAugust(Jacobson, 1971Females mate once after emergence and
oviposition begins one or two days after matidgcobson, 1965 he maximum adult lifespa
is 12 days for both sexes under laboratory conditidgasobson, 1965)

Agrotis orthogonias a generalist herbivore. Moths forage on flowers of the Asteraceae
plant family, including goldenrodusflowers, thistles and gumweéBeirne, 1971)Larvae feed
on a wide range of host plants from different families, however, most outbreaks in the Prairie
Provinces are associated with cereal cidpsobson, 1971pimilar to the redbacked cutworm,

A. orthogoniafemales do not oviposit directly on larval hp&ints but lay eggs in loosky soil

(Beirne, 1971)There is no evidence of oviposition preference among larval host plants to date.



True armyworm

Mythimnaunipuncta(Haworth), commonly known as the true armyworm, is a sporadic
pest mostly of cereal crops and alfalkée(dicago sativd..) (Fabaceaegcross southern Canada
to the southern United Stati®reeland, 1958, Guppy, 1961festations in Canada occur in
most agricultural landscapes east of the Rocky Moun(Beisne, 1971)

Mythimna unipunctaoes not tolerate freezing temperatures, and therefore, it is unable to
overwinter in northern latitudggields and McNeil, 1984)nfestations in Canada occur from
moths that migre from the soutliFields and McNeil, 1984Moths can travel at least 1,300 km
during their northward migration in the spring to aviigh tempergures in thesouthern United
StateqGavloski and Meers, 2011, McNeil, 198fhmigrating moths appear light and
pheromonebaited traps from mid/ay through July (spring flight)McNeil, 1987)
Immigratingmoths mate and producesammergeneration in Canad&ummergeneration
moths appear only in light traps from lsegust through September (fall flightyicNeil,

1987) Summergeneration moths undertake a southern migration, in response to short days and
low temperatures in the fall, to escape deteriorating conditions in the northern latitudes
(McNeil, 1987)

Femalesearch fosuitable host plastin the spring andviposits a group of eggs at the
base of plant shoo{S&uppy, 1961)Larvae develop through six to seven larval instars from June
through July. Early instar larvae skeletonize foliage while late instars consumnedestiblades
and gradually feed on the influorescence and develogntels when foliage is depleted
(Guppy, B61) Larvae feed at night, from dusk until dawn, and rest on the lower parts of the
plant during the dagGuppy, 1961) Larval development is completed in July gngbation lasts

for three to four weeks ian earthen cell in the soil prior to moth emergdi@eppy, 1969)



Females mate multiple times, however, females show an average preoviposition period of seven
days in &boratory experiments and field survé§gippy, 1961)The average adult lifespan is 19
days for males and Idays for females under laboratory conditi¢@sippy, 1961)

AlthoughM. unipunctas considered a generalist herbivore, larvae feed primarily on
hosts within the Poaceae fam{Breeland, 1958)There is no evidence, however, of female
oviposition preference for host plant species within the Poaceae family t&dafey (1961)
suggested that the maturity of the host plant, density of stands and the presence of stubble are

more important for attraction of ovipositifd. unipunctafemales than host plant species.

Integrated Pest Management Approach

Integrated Pest Management (IPM) theory brings an applied ecological approach to
understand cropest interactions from the individual, population, and community levels. In an
| PM framewor k, #fi nt egreeutsiaaics i harmmopyltoipmwdet he use
economic control of the pest complex that affects a given(&ogan, 1998) The main
objective in IPM tleory is to prevent fluctuating pest populations from reaching-degfieed
economic injury leve(Kogan, 1988) To develop successful IPM programs, it is important to
investigate the biology of the pest complex (life history, phenology and feeding preference) and
their population dynamics. Community ecology knowledge is important to develop IPM
programs because it helps interpret habitat compléxigan, 1988)Knowledge on commutyi
structure makes it possible to anticipate pest problems and to design control stfidtzgpes
1988) The foundation of any IPM program is the implementation of efficient sampling tools to

detect multiple pest and beneficial insects in the managed ecosystem.
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To develop a successful IPM program for cutworms in the Canadian Prairiesitita c
to investigate the biology of thargetpess. Life history and phenology have been studied in
detail for several cutworm specigacobson, 1970, Jacobson, 1971, AY890, Byers and
Struble, 1987however;there is no information on the effect of host plant species and plant
fertilization on larval performance and fitness.

Femaleproduced sex pheromones have been identifiechost cutworm and armyworm
pest specietSteck et al., 1982bMonitoring programs using synthetic pheromdagted traps
were implemered across the Prairie Provinces in the 1980s; however, these programs were not
widely adopted because mdthp catcidid not reflect crop damag8yers and Struble, 1987,

Ayre and Lamb, 1990)Furthermore, pheromo+iEased monitoring pgyams require individual

traps for each species, which makes monitoring several pests costly. Lastly, there is evidence for
pollinator bycatch in lepidopteran sgpheromone baited trag&ross and Carpenter, 1991, Mori

and Evenden, 2013, Spears et al., 20I6gre are no reliable tools to monitor variation in

density of the cutworm pest species in the Prairie Provinces.

Foodbased semiochemicals could be exploited for monitoring multiple cutworm species
using asingle lure and trapAs these cues attract both sexes of moths, capture of females may
provide information on the reproductive s&tf the females and egg lo@ldbyce and Lingren,

1998, Lingren et al., 1998Research on foedased semidemicals can provide knowledge on

the type of volatile cues cutworm and armyworm moths rely on.

Food-based semiochemicals

Although multiple cues mediate plainsect interactions, olfaction is perhaps the primary

mechanism moths employ for oviposition drabt selectiorfVisser, 1988, Davis and Landolt,
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2013) Cutworm and armyworm moths, like many lepidopterans, use plant volatile organic
compounds for orientation towards adult food sources, and females may also use plant volatiles
to select oviposition sitgSchoonhoven et al., 200Fjurthermore, insects may be sensitive to

cues produced by microbes associated with food sources and oviposition sites, referred to as
microbial volatile organic compounds (MVO@avis et al., 2013Microbes present in floral

nectars and fruits produce MVOCs, which in combination with floral volatiles, can attract
lepidopterarherbivores to hostderrera et al., 2008)or example, the chemical mixture of

acetic acid, a bproduct from fermented sugar, and phenyladetayde, a floral volatile, attract

two noctuid moths (Lepidoptera: Noctuidae), the alfalfa loofyetographa californica

(Speyer), and the armywor8podoptera albul@Walker) to baited trapd.andolt et al., 2013)

The MVOC hypothesis states that microbial emissions serve as semiochemicals that provide cues
regardingsuitability and nutritional quality of hos{Bavis et al., 2013)

Overall, foodbased semiochemicals are classifinto three groups: host plant volatiles,
floral volatiles and MVOCs. Few host plant volatile lures are commercially available to monitor
moth pest flight activity or for pest control in attraetdkill formulations(Light et al.,2001,

Gregg et al., 2010Host plant volatilesnay not be important cues fgeneralist pests like the
redbacked cutworm or the pale western cutworm, as females of both species oviposit in loose
dry soil under crop stubble or in fallow fields rather than on lleatomaterialBeirne, 1971)

Floral volatiles from several plants visited by noctuid moths as adult food sources have been
used to monitor pagations in field experimeni{antelo and Jacobson, 1979, Landolt and
Smithhisler, 2003)For instance, traps baited with phenylacetaldehydeiepsoybean looper
moths,Chrysodeixis includen@Valker) (Lepidoptera: Noctuidae), in cotton fieldiéeagher Jr,

2001a) Likewise, traps baited with the floral blend of the butterfly bigd¢llejadavidii
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Franch) (Loganiaceae) captured high numbers of the cabbage [Bopleoplusia ni(Hubner)
(Lepidoptera: Noctuidae), and alfalfa looper md@sédot et al., 2008}-loral volatile baid
traps, however, result in high pollinator-bgtch and have not been adopted commercially to
monitor noctuid mothéMeagher Jr and Mitchell, 1999, Landolt et al., 2007)

Fermented sugar baits were some of the first4omsed semiochemicalsed to monitor
diversity of LepidoptergUtrio and Eriksson, 1977Noctuidae, Geometridae, Tortricidae and
Pyralidae are the major lepidopteran families attracted to these types gEb&tged et al.,

2005) The most common MVOCs produced from fermented sugar baits are acetic acid, isoamyl
alcohol (3methy-1-butanol) and isobutanol {@&ethyt1-propanol)(El-Sayed et al., 2005, Davis

et al., 2013)Foodbased semiochemical lures that release these volatile compounds attract both
sexes of many species of noctuid mdfhéth et al., 2010)

The chemical mixture cdcetic acid and-&ethy-1-butanol (AAMB) is attractive to

several noctuid pests in multiple cropping systems, including the bertha armyiardolt,

2000) the true armywornfLandolt and Higbee, 2002nd the redbacked cutworfibandolt et

al., 2007) Preliminary field experiments with AAMB lures in Alberta, however, hadtlay
catchof target noctuid pests (unpublished data). Further research is required to enhance the

attractiveness oAAMB lures to monitor cutworm moths in Prairie agroecosystems.

Thesis objectives

In this thesis, | take an IPM approach to identify knowledge gaps orcatomrm
interactions!] assess the influence of agricultural practices on the performance and fitness of
target cutworms; and develop tools to monitor cutworm and noctuid moth diversity in

agroecosystems. In Chapter 2, a series of experiments assess the relationship bgioesgarovi
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preference and larval performance of the true armywbtnunipunctafor hosts within the

Poaceae family, particularly cereal crops grown in the Prairie Provinces of Canada. In Chapter 3,
| evaluate the influence of host species and plant rartrgn the larval performance and larval
feeding preference of the redbacked cutwdinpchrogasterand the pale western cutworA,
orthogonia Chapter 4 focuses on development of a foased semiochemical lure to monitor

the cutworm and armyworm pesiraplex in Canadian Prairie agroecosystems. My approach

was to enhance the attractiveness of the AAMB lures to the most common cutworm species
across the prairies, the redbacked cutworm, in caBoés$ica napus.) (Brassicaceae) and

wheat {riticum aestvumL.) (Poaceae) fields in Alberta. First, | determine the attractiveness of
AAMB baited traps compared tmbaitedraps and sex pheromaobaited traps. Second, | test

the attractiveness of different AAMB lures with varying release rates. Third, | neghsur

attraction of the AAMB lure in combination with additional febdsed semiochemicals. Fourth,

| evaluate the potential of the floral blend released by Canada tkiseum arvensé..)

(Asteraceae) at different doses to attract the redbacked cotlastly, electrophysiological

studies were conducted on the redbacked cutworm moth to understand how moth physiological
state influences the response to ftasded semiochemicals. In Chapter 5, | report on the

diversity and abundance of noctuid mothgped with food bait lures based on volatiles from

fermented sugar baits fproducts.
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Chapter 2: Influence of crop variety and fertilization on oviposition preference and larval
performance of the generalist herbivore, the true armywormMythimna unipuncta
(Lepidoptera: Noctuidae)

Abstract
Therelationship betweenviposition preference and offspring performaontéerbivores is a
vital question in the field of planhsect interactions and important to understand for integrated
pest managemeritinvestigated the preferenperformance relatiship of the generalist
herbivoreMythimna unipunctgdHaworth) (Lepidoptera: Noctuidae: Leucaniidigvaluated the
effect of cereal crop varieties and fertilization on the carbon:nitrogen ratio of plant foliage and
host use by adult and larvdl. unipunca in both lab and field experimentbwo wheat Triticum
aestivunL.) and two barleylordeum vulgard..) varieties were tested for host suitabilityMo
unipuncta The C:N ratio varied among crops and varieties te3tiee feed barley variety (Xena)
hadthe lowest C:N ratio of all tested plants, supported larvae the best, and resulted in the
heaviest pupae&ena, however, was the least preferred plant by female moths, suggesting that
females lack preference for the host on which their offspring perfarbeabktThe addition of
fertilizer to host plants did not influence adult female host preference for ovipokgiwae
reared on unfertilized plants had lower pupal weight than those reared on plants treated with
fertilizer at the half (70 mg of N) or liu(140 mg N) dose in a laboratory setting, regardless of
the crop variety. Fertilization did not impact larval performance on Xena plants under field
conditions.In the field, Xena had similar yield and grain protein content regardless of the
defoliationdamage or fertilizer application. The generalist herbivore, the true armyMiorm
unipunctad oes not exhi bsbte stthbe pammtch eprl ek mmonw t he t e s

employs a behedging strategy instead.
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Introduction

Insect herbivores have@ved sophisticated peripheral and central nervous systems that
allow females to search and assess the quality of a host plant for oviposition. Female herbivores
generally use olfactory and visual cues to search for host plants and contact cues for host
assessment after landifgisser, 1988)Host selection by females is critical for the survival and
fitness of offspring, wich could influence population density and lead to outbreaks of pest
species.

The relationship between female oviposition preference and offspring performance in
phytophagous insects $ideen, and continues to be, a wifaéstion in the field of planihsect
interactions: do gravid females select optimal host plants for offspring development? Theory
predicts that natural selection favours females with an oviposition preference for host plants on
which offspring will have the highest performance. Thisthypoe si s i s known as t|
adaptation hypot hesi s d (bevinséamdMacArthur, 1969, Caudneyp e st 6
and Kibota, 1990)A metaanalysis testing the evidence for this hypothesis found overall support
for the Omother knows (Gripesdergetpl; 2010Fhe gndlysis at a | a
indicated insect diet breadth as a robust factor that influences the prefpegiccenance
relationship. Oligophagous insect herbivores have a stronger coupling between oviposition
preference and larval performance than polyphagous herbi@egenberg et al., 2010nsects
with a narrow diet breadth process limited information, and can be more efficient at host
selection than generalist insect herbivores, which face complex ciBaesys, 1998, 2001)
Despite the overall support for 6émother knows
which preference and performance are not strongly copledegue et al., 1998, Jallow and

Zalucki, 2003 Wist and Evenden, 2016, Hufnagel et al., 2017)
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Several other ecological hypotheses attempt to explain a mismatch between female
preference and larval performance in phytophagous insmtse of these explanations include:
(1) females ray become conditioned to a suboptimal host plant during larval development and
select the natal plant species foroviposh and of f spring devel opment,
host sel ec(Hopkins, 1917, Jaemake, 198F)OA conflict of interest in adults
between foraging behaviour and searching for host plants for ovipoditierability to feed in
the adult stageay weaken preferengeerformance relationships because females invest time in
foraging instead of sedrmg for the most suitable host for their offsprii@yipenberg et al.,
2010) (3) Females could select a suboptimal host that provides a potential refuge against natural
enemiesThi s i s knowhr ease d$hmha@&c&demepot hesi sdéd, as a r
predation increases the overall fithess of the ferfiBdenays and Graham, 1988, Murphy and
Loewy, 2015) (4) Some larvae are capable of dispersing within and among plants during
developmen{Cunningham et al., 2@] Rivera and Burrack, 2012, Moreira et al., 2016,
Rosenwald et al., 201 AVeak selection for a preferenperformance relationship would be
expected in species with highly mobile lanf@aompson, 1988, Craig and Itami, 2008)erall,
all aspects of the herbivore life history are important to understanatetial for a preferenee
performance relationship.

Adult females may weakly discriminate plant hosts of similar suitability present in the
same are@Jaenike, 1978)t is more likely for females to evolve the ability to selaatable
hosts if there is a large difference iifispring performance among hagieces(Gripenberg et
al., 2010) For instancetwo polyphagous noctuid moths (Lepidoptera: Noctuidae), the beet
armywormSpodoptera exigugHibner) and the cabbage loofdeichoplusia ni(Hlbner), do not

differ in developmental time and pupal weight when reared orcttivarsof Apium graveolens
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(Meade and Hare, 1991)arvae that feed on different varieties or cultivars of the same plant
species may have sirail performance. Thus, selection on adult females for discrimination
between varieties can be low.

Environmental factors can also affect host plant quality and suitability for insect
herbivores, which, in turn, can influence preferepedgormance coupling/Vater stress or
nutrient deficiency of a host plant may alter larval performance and benefit adult females to
differentiate plants grown under varying environmental conditf@hempson, 1988,
Weeraddanand Evenden, 2018Augmentation of plant nutrition through fertilization results in
host plants with a higher nitrogen content and biomass. Correspondingly, herbivores that feed on
host plants with higher nutrient content generally have higher growth rates and shorter
devdopmental timgSlansky and Scriber, 1985, Chen et al., 20Bdj instance, femalaoths
of the generalist herbivor8, exiguaand the specialised postman butterfliieliconius erato
(Frabicius) (Lepidoptera: Nymphalidae), esgll host plants with high nitrogen content for
oviposition. This preference is matched by the performance of the larvae, which develop faster
when feeding on fertilized plan{Kerpel et al., 2006, Chen et al., 2008)

The true armywormMythimna(Pseudaletiq unipuncta(Haworth) (Lepidoptera:
Noctuidae), is a cosopolitan insect pest known for its sporadiglreak populations that cause
economic damage on cereal crdpsage grasseand alfalfain North America(Goble, 1965,
Letendre and Muelier, 1980, Mulder and Showers, 1986, Steinkraus and Mueller,T2@G03)
true armyworm does not overwintarnorthern latitudes, and thugestations in Canada occur
from moths that migrate from the south in spriRgelds and McNeil, 1984Females locate a
suitabk host plant and lay eggs in clusters underneath the leaf sheath or in folds of the leaf

bladeg(Guppy, 1961)Upon egg eclosion, early instar larvae skeletonize foliage while late
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instars consume entire leaf blades and gradually feed on the influorescence and developing
kernelswhen foliage is deplete@uppy, 1961)AlthoughM. unipunctas considered a
generalist herbivore, larvae feed primarily on hosts within the Poaceae (Bnegland, 1958)
There is no evidence of female oviposition preference for host plant species within the Poaceae
family. Guppy (1961)puggested that maturity of the host plant, density of stands and stubble are
more important foattraction of ovipositing/. unipunctafemales than host plant speci€his
pest is commonly known as aenmasaacrosy theandsodpe b e c a u
in search of host plants when food sources are defgBtedland, 1958)The pupal stagmsts
for three to four weeks ian earthen cell in the soil prior to moth eclosigiythimna unipuncta
has two generations throughout the summer in Cafirmiad, 196Q)
In this study] investigate the relationship between oviposition preference and larval
performance oM. unipunctafor hosts within the Poaceae family, particularly cereal crops
grown in the Prairie Provinces of Cana8aecifically,| asked:
(i) Is oviposition preferenceoapled with larval performance in the generalistunipunct®
(i) Do M. unipunctafemales show a hierarchical host selection within the Poaceae, and is this
selection based on host plant nutrient content?
(i) Does fertilizer input influence female ovipositioeHaviour and larval performance
relationship?
(iv) Do experiments under field conditions reflect larval performance results from experiments
under controlled conditions in the laboratory?
First, | evaluate the effect of cereal crop varieties on ovipositioawetr and larval
performance under controlled conditions in the laboratory. Two whiaat(m aestivuni.)

and two barleylordeum vulgard..) varieties grown in the Prairie Provinces are tested: Go and
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Buteo (wheat); Copeland and Xena (barley). Allcvarieties were developed through

traditional breeding crosses. Go (Crop Development Centre, University of Saskatchewan,
Saskatoon, Saskatchewan, Canada) is ategrdpring wheat variety seeded in early spring,

while Buteo (Crop Development Centre) ieardred winter wheat variety planted in late

summer. Copeland (Crop Development Centre) is a malt barley variety, while Xena (Monsanto
Technology, LLC, St. Louis, Missouri) is a feed barley variety, both seeded in early spring.
Secondly] assessed théfect of fertilization regime on oviposition behaviour and larval
performance under controlled conditions in the laboratory. Ldstiynducted a field experiment

to determine the impact of fertilizer rates on larval developmelit aihipunctafeeding on

Xena under field conditions.

This study provides insights on oviposition preference and larval performance of a
generalist insect herbivore in a managed ecosystem and how agricultural practices, like crop
variety selection or fertilization regime, affédemale oviposition behaviour that could
potentially influence subsequent population densities that lead to outbreaks. Understanding
plantinsect interactions is not only essential to further knowledge from ecological and
evolutionary perspectives, but alfor the development of novel crop protection practiBesce

et al., 2005)

Material sand Methods
Insects and Plants

A laboratory colony oM. unipunctawas started in 2012 from eggs obtained from an
established colony at the Westéfniversity. The colony was maintained under controlled

conditions (Conviron CMP 3023, Controlled Environments Ltd.) at 24 °C, photoperiod of 16:8
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(L:D) and 70% RH. Larvae werreared on a pinto bed#ased meridic diet that was modified
from Shorey and Hale (1965)Neonate larvae were reared gregariously until the motheto
secondinstar, aftewhich they were reared individually by placing one larva in fresh 30 mL
plastic diet cupgSolo Cup, Mason, Michigan, USA) until pupation. Pupae were placed in 500
mL plastic containers with moist, fine vermiculite (Specialty Vermiculite Canada Corpt#lbe
Canada). Newly emerged moths {20 individuals, 1:1 male: female) were placed in mating
chambers (40 cm x 30 cm diam.) with access to 10% sucrose solutiom@ivfumand

folded strips of wax paper that served as an oviposition substrate.

Plart seeds of four crop varieties were obtained from Lethbridge Research Centre,
Agricultureand AgiFood Canada, Al berta, Canada: spring
malt barl ey ACopelandd and feed barl eny AXenao
soilless media (Sunshine mix #2, SunGro Horticulture Canada Ltd, Seba Beach, AB) under
controlled conditions, as described abdwertilization rate was adopted from industry
recommendations for cereal production from Alberta Agriculture and For€stngda
(Kryzanowski, 2002)Each plant received 125 mL of a mixed fertilizer solution (100 ppm-of 10
52-10 [N-P-K] [Plant-prod Ultimate, Sur&sro IP Inc, Brantford, ON]; 275 ppm of 220
[Direct Solutions, Agrium Advanced Technologies, Delta, BC]) sess dfter sowing,
followed by subsequent application of 125 mL (275 ppm e8-20) at 25, 32 and 39 days after
sowing. Each plant received in total 140 mg of nitrogen, 86 mg of phosphorus and 140 mg of
potassium. Plants used for all experiments were sekw old (42 days after sowing).

Host PlantsNutrient Analyses
In each experiment, the carbon and nitrogen (C:N) ratio of treated plants was measured to

determine if nutrient availability to the larvae varied with plant treatment. AQowend plant
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biomass (n=5, from each plant treatment) was collected at 42 days after sowing and oven dried at
65 °C for 48 hours. Dried plant material was finely ground and placed in tin capsGlesgR

for analysis using a CE400 Elemental Analyzer (Exeter Analytical Narth Chelmsford, MA).
Samples were combusted at 975 °C in a combustion tube that contained reagents to ensure
complete oxidation of the sample. The combustion products passed through a reduction tube
where the oxides of nitrogen were converted to midégnitrogen. Thermal conductivity

detectors measured th&©gand N to quantify the amount of carbon and nitrogen in the

samples.

OvipositionPreferenceExperiments

Two experiments tested the effect of crop variety and fertilization rate on oviposition
preference oM. unipuncta In the first experiment, response to four crop varieties was
compared. One plant of each crop variety was placed within a single oviposition cage (39 x 39 x
80 cm) (n=15)Two pairs were introduced into each oviposition cage and provided with a 10%
sucrose solution. Moths remained in the cage for one week, at which time the eggs on each plant
were countedisinga stereomicroscope (magnification 1.6x) (Leica MZ95, Concord,. ON)

In the second experiment, two crop varieties were grown under three fertilization levels:
the full dose as described above, a half dose (half fertilizer concentration of the full dose) and no
fertilizer application. Fifteen cages housed three springai\@o) plants, one from each
fertilization level. An additional fifteen cages housed three feed barley (Xena) plants, one from
each fertilization level. The total number of tillers per pot was recorded from each cage. Two
mating pairs oM. unipunctawereintroduced into each cage as described for the first

experiment. Eggs were counted after one week.
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Larval PerformanceExperiments

Two experiments measured larval performancel ofinipunctaon the same crop
varieties and fertilization regimes tested in the oviposition experiments. In the first experiment,
five seconeinstar larvae were introduced to plants of each of the four crop varieties tested
(n=20). Plants were covered with a nylon mekeeve (50 crd 30 cm) to prevent larvae from
escaping and were monitored once per week until pup&enwas determined upon pupation
(Cheng, 1970Q)Pupae were separated by sex and weighed to the nearest 0.01 g (Balance model:
XS105 DualRange, Mettldroledo).

In the second experiment, larval performance was evaluated on differently fertilized
spring wheat (Go) and feed barley (Xena) plants. Three levels of fertilization were tested, as
described for the oviposition experiment above, the full dosedba# and no fertilizer
application. Two seconihstar larvae were introduced to plants of each treatment (nRR20)ts
were covered with a nylon mesh sleeve (5 c8® cm) and monitored three times per week
until pupation. Larval developmental time wasorded from second larval instar to pupation.
Sex was determined upon pupat{@heng, 1970)Pupae were separated by sex and weighed to
the nearest 0.01 g (Balance model: XS105 DualRange, Mettler Toledo). An additional set of
plants from each fertilizatiolevel (n=5) was grown as a control to estimate the effect of
fertilizer treatment on plant dry mass. Abey®und plant biomass was collected at 42 days after
sowing and oven dried at 65 °C for 48 hours.

Larval Development Field Study

In 2014, a field expriment tested the impact of fertilizer rate on larval development of

M. unipunctaon feed barley (Xena) grown in small plots (0.92 x 3 m) at the Lethbridge

Research Centre, Agriculture and Agood Canada, Alberta, Canada. Plots were seeded on 15
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May 204 using a selpropelled plot seeder equipped with a cone splitter andtitlexge double
disc openers (Agriculture and Agfood Canada Design and Engineering Lab, Swift Current,
SK). The seedbed utilization for this seeder configuration is narrow anltiwe approximately
10%. Plots were arranged in a block factorial design with two levels of fertilization rate (full
fertilizer dose and no fertilizer), and three levels of exclusion/herbivory with plots receiving
either a cage (1.5 x 1.5 x 1.5 m) withvathout insects, or no cage with no insects. Plot with full
fertilizer dose received a single application of urea ammonium phosphate (112.3 kg/h&7-of 34
0 [N-P-K]). Each possible combination of factors was replicated in three different blocks.

Insectswere introduced into the cages assigned to the insect treatment on 14 July 2014.
Each cage received dWt. unipunctaegg masses evenly distributed throughout the plot at the
whorl of the leaves on the main stem of a barley plant. Eggs were left to hdt@mnae to
develop until 07 August 2014 at which time 50 larvae were randomly sampled from each cage
containing insects. Larvae were transported back to the laboratory where they were weighed to
the nearest 0.01g (Balance model: XS105 DualRange, ME&tledo), and head capsules were
measured using a micrometer attached to the stereo microscope (magnification 1.6x) (Leica
MS5, ConcordON) to deermine larval instar following the head capsule width range per instar
by Guppy (1969)

Plots were harvestezh 27 August 2014t crop maturity using a Wintersteiger Expert
(Wintersteiger AG, Salt Lake City, UT, USA) plot combine equipped with a straighteader,
pickup reeland crop liftersGrain yield was calculated from grain harvested from the entire plot
area and corrected to 140 gkgrain moistureAll grain collected from plots was retained post
harvest to characterize grain test weight (kglhLseed mass (g 1049 and grain protein

concentrations as per industry standd@snadian Grain Commision, 201 Grain protein
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concentration was determined from whole grain using near infrared reflectance spectroscopy
technology (Foss Decater GrainSpec, Foss Food Technology Inc, Eden Prairie, MN).
Statistical Analsis

Data were tested for normality and heteroscedasticity using visual techniques and
ShapireWilks test. Plant dry mass and nutrient concentratiereanalyzed using a linear model
with crop variety and fertilization regime as explanatory varigfilable 21) in R package
0 MA S S 6-33\(Venable3 and Ripley, 2002)he proportion of eggs laid on each plant
treatment out of the total numbers of eggs within the cage was square root transformed for
normal ity and analyzed using a Hi7Pakeroemi xed m
al., 2014) Plant treatment (crop variety or fertilization rate) was specified as the explanatory
variable, and cage was treated as a blocking random {aetiole 21). For the oviposition
experiment with varying féilization levels, the number of tillers per plant was analyzed using a
generalized | inear mixed model with PRKi sson f
(Bates et al., 2015)vith crop variety and fertilizer regime as explanatory variables and cage as
random factofTable 21). For the larval performance experiments, pupal weight data were
analyzed using alinearmide model i n R p-417@iahgio et@n 20bvith v . 3. 1
crop variety or fertilizer regime and sex as explanatory variables and plant as a random factor
(Table 21). Larval developmental time was analyzed using a generalized linear mixed model
with Poisson family di s t-17jwithuctop \amety,ifentiliz& package
regime and sex as explanatory variables and plaantaaglom facto(Table 21). Forthe larval
development field study, larvae were grouped by instar, and independent analyses were
performed for each instar group. Head capsule width and larval weight were transformed to the

1/4 power for normality(Table 21). Means separation for alkperiments was performed using
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the Tukey method (U = 0. @®&nthamdiHervé, 2015k a g e
statistical tests were conducted us(RiCge t h

Team, 2014) n 6 RSt u ditpgd/wwwOstu@idBcond  (

Results
Effect of Crgp Variety on M. unipuncta

Nutrients available to larvae differed among crop varietiegs@4.533, p = 0.015).
Spring wheat (Go) and malt barley (Copeland) had the highest C:N ratio (7.723Hn8d
7.44 £ 0.65, respectively), followed by winter wh@uteo) (7.04 = 0.19). The feed barley

variety (Xena) had the lowest C:N ratio (5.679 + 0.19), which was significantly different from

61 sm

e f

spring wheat (Go) (t = 3.49, p = 0.013) and malt barley (Copeland) (t = 2.97, p = 0.037) varieties

(Figure 21).

Mythimna unipunctahowed oviposition preference for different crop varietiggdF
2.94, p = 0.045). A highgrercentof eggs were laid on winter wheat (Buteo) (37% % 0.05 SE),
followed by malt barley (Copeland) (24% + 0.05) and spring wheat (Go) £0%3 SE). The
feed barley variety (Xena) had the lowpstcentof eggs (18% + 0.04 SE). After pairwise means
comparison, only the proportion of eggs found on winter wheat (Buteo) was significantly
different from feed barley (Xena) (t = 2.84, p = 0.007).

Cropspecies and variety had a strong influence on pupal weight(F7.818, p <
0.001) Figure 22). Larvae reared on both barley varieties had the highest pupal weights,
followed by thoseeared on winter wheat (Buteo). Larvae reared on the sphiegtwariety
(Go) had the lowest pupal weights. Oversll,unipunctaarvae reared on barley had higher

performance than larvae reared on wheat based on pupal weights (332.1&E @n8i3301.83
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+ 5.32, respectively) gRi14= 18.985, p 0.001). There was no difference in weight between
female and male pupae;(fr>= 0.693, p = 0.406).
Effect of Fertilization Regime on M. unipuncta

Plant dry mass differedith crop variety tested (Fs= 18.99, p < 0.001) and fertilization
level (R 26=49.29, p < 0.001). Feed barley (Xena) had heavier plant dry mass (700.00 + 125.36
mg SE) than spring wheat (Go) (478.66 £ 120.55 mg), regardless of the fertilizer treatment.
Plants in full and half fertilizer dose had similar plant dry mass (76.00 ¥1@8d 76.00 +
67.33, respectively), while unfertilized plants had the lowest plant dry mass (260.00 = 48.07 mg),
regardless of the crop variety tested. Furthermore, nutrients available to the larvae were
influenced by the interaction between fertilizerdeand crop variety (/~5.12 p=0.014)
(Figure 23). Feed barley (Xena) at full and half fertilizer doses had the lowest C:N ratio (6.15 *
0.05 and 6.42 + 0.11, respectively), although they were not different from each other. Spring
wheat (Go) at fuland half fertilizer doses had equal intermediate levels of C:N ratios (6.73
0.05 and 6.63 + 0.05, respectively). Both feed barley (Xena) and spring wheat (Go) without
fertilizer had the highest C:N ratio (14.84 + 1.15 and 19.12 + 0.91, respectivelyyeeasnd
significantly different from each other.

The number of tillers differed between crop variety tested (\Wad9.43, df=1,
p<0.001) and fertilization level (Wakf=39.39, df=2, p<0.001). Feed bayl(Xena) had more
tillers than spring wheat (Go), raglless of the fertilizer treatment. Plants treated with the full
and half fertilizer doses had a similar high number of tillers while unfertilized plants had the
lowest number of tillers, regardless of the crop variety teMgthimna unipunctalid not
exhibit an oviposition preference for the differently fertilized host plants. A similar proportion of

eggs was laid on plants that received either half or full fertilizer treatments and unfertilized
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plants. This result occurred in both feed barley (Xeng)ofF1.01, p = 0.3705) and spring wheat
(Go) (k2= 0.11, p = 0.892) cages that were tested independently in this experiment.
Conversely, fertilization regime had a significant effectrunipunctapupal weight
(F2,37=4.25, p=0.@3) and larval developmental time (Wal@=9.17, df=2, p=0.010). Larvae
reared on unfertilized plants had lower pupal weight (252.25 + 6.75 mg SE) than larvae reared on
plants treated with the half or full fertilizer concentrations (305.61 £ 9.70 and 31.641Q7
mg, respectively) Figure 24). There was no effect of crop type (=2.58, p = 0.117) or sex
(F1371.59, p = 0.215) on pupal weight. Larvae reared on unfertilized plants had a longer larval
developmental time (29.71 + 2.54 days SE) than larvaeed on plants treated with the half or
full fertilizer concentrations (23.04 = 0.36 and 24.89 £ 0.62 days, respectivayy¢ 25).
Crop type did not influence larval developmental tiMéald c2=0.76, df=1, p=0.382)arvae
reared on feed barley (Xena) had a similar developmental time to those reared on spring wheat
(Go), regardless of the fertilization reginkemale and male individuals reached the pupal stage
atthe saméime (Wald c2=0.36, df=2, p=0.546)
Larval Development Field Study

Larvae sampled from the variously treated feed barley (Xena) plots were in the fourth and
fifth larval instar at the time of collection. Fertilization regime did not influence larval weight for
fourth (R 2= 3.41, p = 0.206) anfifth (F; .= 0.66, p = 0.501instar larvae

There was no effect of fertilization regime on plot yielg ¢= 1.12, p = 0.309)Table 2
2). Plots without cages had a higher yield than plots with cages but there was no difference in
yield in caged plotsvith or without insects (t = 0.38, df=12, p = 0.710). There was no significant
effect of fertilization regime (F.= 0.002, p = 0.835) or insect treatment (&= 1.15, p = 0.271)

on grain protein contenT&ble 22).
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Discussion

This study assessecetleffect of cereal crop variety on adult female preference and larval
performance of the generalist herbivore, the true armywdroemipuncta Many generalist
insect herbivores can discriminate between hosts within their acceptedhgstand exercise
same degree of preference at host selection for ovipogiBohoonhoven et al., 200%)
observed an inverse relationship between oviposition preference and larval perfornidnce in
unipuncta Spring wheat (Go) received a higher number of eggs but did not support larval
performance, whereas feed barley (Xena) received the fewest eggs but supported the highest
larval performance. Differences in larval performance can be attributed to nutadab#y in
the different crop varieties.

Weak or no coupling between oviposition preference and larval performance occurs in
several lepidopteran pests. For instance, the bertha armyWamestra configurat&Valker
(Lepidoptera: Noctuidae) has an invemmeferencgerformance relationship for hosts within the
Brassicaceae familysinapis alba. receives more eggs than otlB¥assicaspp hosts, however,

M. configuratalarvae fedS. albahave slower development and lower surviidimer et al,
2001, 2002)Likewise,S. exigiafemales oviposit more frequently @henopodium murale
(Chenopodiaceae) tha&pium graveolenk (Umbelliferae), although larvae reared An
graveolenglevelop into heavier pupae faster than larvae rear€l orurale(Berdegue et al.,
1998) Similarly, host selection bfgmales of the generalist fall armywor8podoptera
frugiperdaSmith (Lepidoptera: Noctuidae), is independent from the pedoce of the
offspring, as larvae thaefl on a commercial landrace maize var. Tuxp&iéa fnayssp.mays
L) (Poaceaeyrewfasterthan larvae that feed on the ancestral variety, Balsas tecsa#er(ays

ssp.parviglumisltlis & Doebly), although females lagn equal proportion of eggs on both host
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plants(Bernal et al., 2015Pest species in the armyworm guild have highly mobile larvae that
are capable of dispersinghang plants when food resources are depleted. The larval mobility
mayweakenmnatural selection for oviposition preference on female moths. For example, larvae of
the generalist African cotton leafwori@podoptera littoraligBoisduval)(Lepidoptera:
Noctuidae), feedn situfor about five days on the young leaves of cottBagsypim arboretum
L.) (Malvaceae) selected by female moths for oviposithanlarvae grow, they gradually move
to feed on mature leaves of the same plant or neighbouring (ffaask, 2011)Thus, female
choice maynot be under strong selective pressarkl. unipunctabecause larvae can disperse
from the host plant selected by their mother.

Alternatively, weak preferengeerformance coupling iM. unipunctacanalso be
explained by the parasite/grazer hypoth€Bi®mpson, 1988)which categorizes herbivores as
parasite or grazes. Parasites are herbivores that complete their development on a single host
plant, whereagrazers can move between plants throughout larval development. The hypothesis
predicts that natural selection should favour oviposition on host plants that provide higher
survival rates of eggs and early larval instars, although survival and developrzet ofstars
is better on alternate hogiBhompson, 1988)Spring wheat (Go) may provide higher offspring
survival during early development BE. unipuncta while later instar larvae disperse to hosts
with higher nutritional quality. To determine if the inverse preferemedormance relationship
in M. unipunctaprovides support for the parasite/grazer hypothesis, future studies should address
feeding preference in early and late instar larvae under contratbediments.

Contrary to suggestions I&uppy (1961)our results demonstrate ti\t unipunctahas
a hierarchical selection of host plants within the cereal crops tested, however, female host

selection is not based on the nutritional quality of the host. The most preferred host for
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oviposition, spring wheat (Go), had the lowest nitrogen content afé¢hne least preferred
oviposition host, feed barley (Xena), had the highest nitrogen content. There is evidence for
herbivorous insects to select host plants with low nutritional quality for oviposition sites and
subsequent offspring development. Foranse,T. nifemales prefer to oviposit on cabbage
Brassica oleraceé& var. capitata (Brassicaceae) that is nutritionally inferior to the other tested
hosts(Coapio et al., 2018)n a similar pattern, larvae of the specialist herbivdre, t
diamondback mothRlutela xylostella.) (Lepidoptera: Plutellidae), have higher performance on
young leaves located at the top of plants in tireeleraceavarieties that contain higher protein
and glucosinolate concentrations than older ledvesiaé moths, however, prefer to lay eggs on
mature and senescing leavaghwess nutrition in order tceduce egg mortality associated with
the adverse microclimatic conditions in the upper plant st(Moseira et al., 2016)Plant
morphological characters or plant defense metabolites may play a more critical role in female
oviposition behavior in M. unipunctathan the nutritional quality of the host.

Although not tested in the current study, the selection of the low quality host, spring
wheat (Go), by femalBl. unipunctaf or ovi posi ti on can-freespaeex pl ai n
hypot (Bersaysamd Graham, 198&vidence in favour and against the endmeg space
hypothesis occurs in the armyworm guild. For exanfpldiftoralisfemales prefer the inferior
larval host plant alfalfaMedicago sativd.) (Fabaceae) over cotton for ovipositidrhis
preference may be driven by greater parasitoid pressug@délpnus inanitus. (Hymenoptera:
Braconidae) in cotton than in alfalfa plaf®adek et al., 2010)n contrastS. frugiperda
females show no oviposition preference for hybraize varieties despite the lower egg
predation risk in these hosts compared to the ancestratyw&alsas teosintéBernal et al.,

2015) If predation risk is unpredictable, the generalist herbivore is more likely to employ a bet
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hedging strategy to spread the risk among offspring by disperggsgozer multiple plants

within the accepted hosange(Singer, 2008)To determine iM. unipunctafemale oviposition

behaviour supports the eneffrge space hypothesis, future studies should determine if Spring

wheat (Go) provides a safer microhabitat durindydarval development. Field surveys in

different cereal crops should be conducted to estimate egg hatch and early instar survival.
The current study also evaluated the effect of fertilization on the prefepenfoemance

coupling ofM. unipuncta As expected, fertilizer application increased nitrogen concentration in

host plant leaves and plant dry biomass, and therefore, the nutritional quality for the herbivore.

Insects benefit from increased nitrogen in plant foliage in a number of sy@fattson, 1980,

Chen et al.2004, Hwang et al., 2008For M. unipunctalarvae ream on fertilized plants

develop faster and have a greater pupal mass than larvae fed unfertilized plants. Fertilizer dose,

however, did not enhance larval performance. Larvae reared on fertilizesl feldiizedat the

full dose had similar larval develogntal time and pupal mass to those reared on plants

fertilized atthe half dose. Although each plant of the crop varieties tested received 140 mg of N

in the full dose and 70 mg of N in the half dose, there were no differences in foliar nitrogen

concentréion between fertilized plants at full dose or half dose. Fertilizer application to cotton of

24 to 158 mg of nitrogen per plant increased larval weight and reduced developmentaime in

exigug butdid not generate individuals with a heavier pupal nj@sen et al., 2008Higher

amounts of fertilizer may be necessary to observe differences in larval perform&hce in

unipuncta For exampleM. configuratalarvae fed canola plants treated with 3.0 g of fertilizer

per plant poduced heavier pupae than those reared on canola plants at 1.0 g per plant

(Weeraddana and Evenden, 20)rtilization rates used in the current study were adopted

from industry recommendations for cereal production in Catadaanowski, 2002)and thus,
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M. unipunctaarvae are noéxposed to higher fertilizer rates that may maximize the performance
of this pest.

Nitrogen fertilization not only increases the nutritional quality of host plants for larval
development but also enhances the host plant vopaibide (Chen et al., 2010, Veromann et al.,
2013)and chlorophyll concentration in leavg®x et al., 1994, Garratt et al., 20,18hd thus,
can augment host plant attractiveness to insects. Many female herbivores can assess the
nutritional quality of host plants drpreferentially oviposit on plants with higher nitrogen levels
than unfertilized plant§Jauset et al., 1998, Jiaagd Cheng, 2003, Prudic et al., 2005)
including other armyworm pests like bertha armyw@weeraddana and Evenden, 20a8)
bea armyworm(Chen et al., 2008Fertilizer input supported tiller growth in the cereal crop
varieties tested, and therefore, increased potential oviposition sitds doipuncta Females
failed to discriminate higher quality plants, however, when pitesehosts grown under different
fertilization regimes.

Contrary to the results of the larval performance study on differently fertilized plants
under controlled conditions in the laboratdriound no effect of fertilization of feed barley
(Xena) on larval performance in the field study. Fourth and fiftlairatvae sampled from
caged plots with fertilized plants had similar head capsule widths and mass to larvae sampled
from caged plots with unfertilized plants. Furthermore, plots with fertilizer treatment had similar
yield and grain protein content compadute plots without any fertilizer. It is possible that the
initial soil fertility provided minerals to plants in the field experiment regardless of the fertilizer
treatmen{Ortiz-Monasterio et al., 1997, Havlin et al., 200%)rop plants in the unfertilized
treatment may have obtained available nutrients from the soil and produced similar yield to the

plants in the fertilizer treatments. Feed barley (Xena) plants in the field experiment may have
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been vigorous regardless bttfertilizer treatment, and therefore, larvae reared on either
fertilized or unfertilized plots had similar performance. The herbivory treatment did not reduce
yield or grain protein content

Insectdensity may not have reached thresholds to reduce piefdants were vigorous
enough to compensate for herbivory damaggthimnaunipunctaeconomic threshold for
cereals crops is 20 larvae pet anthe heading stage in the Canada PrajRkmte, 2017)
however, cereal crops can sustain up to 75 % defoliation damage with little loss in yield
(Steinkraus and Mueller, 2003imilarly, crop yield was not impacted in plots of conventionally
tilled corn that was manually infested with late indfaunipunctaarvae at one to three larvae
per plant, despite the presence of defoliation dar(dgé&ler and Showers, 1987 imilarly,
total seed number and seed weight were not redudgcssica nigral (Brassicaceae) plants
damaged byrieris rapaelL (Lepidoptera: keridae) larvae compared to undamaged plants at both
low and high soll fertilityMeyer, 2000)

AlthoughM. unipunctahas lower performance when fed unfezéd plants under
laboratory conditions, it is possible that local true armyworm populations will not encounter
hosts plants with low nutritional quality under field conditions in managed ecosystems. Fertilizer
amendment at seeding is a common agriculfanactice to increase soil fertility and maximize
cereal crop yield, and thuisl. unipunctawill encounter vigorous cereal crops that will enhance
their larval performance to some extent. In the Canadian Prairies Provinces, the current wheat
and barley fdilizer recommendations have a positive effechMbrunipunctaperformance, and
potentially could increase adult fitness. Research on the prefgrerfoemance hypothesis,
should be conductead both the labratoryand fieldsettingsso that findinggrom experiments

under controlled conditions can be compared to natural conditions.
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In conclusion, the generalist herbivive unipunctad o es not f ol |l ow t he

bestdé principle. ComponeNtuspurcttmay weaketheer bi vor e

coupling between adult preference and larval performance. True armyworm larvae are highly
mobile, and therefore, female oviposition behaviour may not be under strong selection pressure.
Furthermore, wheat and barley are geflinating crops and do nprovide a nectar reward for
noctuid mothgOkada et al., 2018Mythimna unipunctdéemale moths may benefit from

increased foraging behaviour over oviposition host location in orderrease their fitness at

the expense of the performance of their offsprirsgiggest thatl. unipunctapotentially

employs a behedging strategy instead to spread predation risk among offspring by dispersing
eggs over multiple plants within the acceptedtitange.l cannot rule out the parasite/grazer
hypothesis or the enenfyee space hypothesis as underlying mechanisms for the host selection
by M. unipunctafor plants with low nutritional quality, however, further field survey should

determine if lower gality hosts result in higher survival rates in early larval development.
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Table 2-1. Results of the optimal statistical models used in the several expertmeietermine the influence ofap variety and

fertilization on oviposition preference and larval performance of the true armywtytiimna unipunctgLepidoptera: Noctuidae)

Optimal Full Null

R Explanat
Experiment esp.onse Function Optimal Model P an.a ory Statistic df P-value model model Model
variable varaible
AIC  AIC _AIC
1 Effect of Crop Variety
Plant nutrient analysis ~ C:N Im C:N ~ Crop variety Variety F-value 4.53 3,18 0.015 673 673 735
Oviposition preference  Egg proportion Imer (Proportion)”2 ~ Crop variety + (1/Cage 1ID) Variety F-value 294 3,36 0.045 -4.9 -4.9 -2.9
Larval Performance Pupal weight ~ lmer Pupa ~ Crop variety + Sex + (1|Plant ID) Variety F-value 7.81 3,112 <0.001 11444 1127.7 1176.9
Sex 0.69 1,112 0.406
2 Effect of Fertilizer Regime
Plant dry mass Dry mass Im Dry mass ~ Crop + Fertilizer Crop F-value 18.99 1,26 <0.001 -30.8  -28.1 14.08
Fertilizer 49.29 226 <0.001
Plant nutrient analysis ~ C:N Im C:N ~ Crop + Fertilizer + Crop:Fertilizer Crop F-value 22.12 1,24 <0.001 -516.7 -516.7 -96.98
Fertilizer 40.51 2,24 <0.001
Host:Fertilizer 5.12 224 0.014
Plant, number of tillers ~ Tillers Im Tillers ~ Crop + Fertilizer Crop Wald ¥ 4943 1 <0.001  290.7 292.7 3872
Fertilizer 39.39 2 <0.001
Oviposition, barley Egg proportion lmer (Proportion)”2 ~ Fertilizer + (1| Cage ID) Fertilizer F-value 1.01 2,20 0.3705 . 333 267
Oviposition, wheat Egg proportion lmer (Proportion)”2 ~ Fertilizer + (1] Cage ID) Fertilizer 0.11 2,22 0.892 . 327 239
Larval performance Pupal weight ~ lmer Pupa ~ Crop + Fertilizer + Sex + (1|Plant ID)  Crop F-value  2.58 232 0.117  132.6 1404 141.8
Fertilizer 425 232 0.023
Sex 1.60 2,32 0.215
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Table 2-1. (Concluded).

Explanato Optimal Full Null
Experiment Response variable Function Optimal Model 5 araiblery Statistic df P-value model model Model
AIC _ AIC __AIC
2 Effect of Fertilizer Regime
Larval performance Larval time glmer Time ~ Crop + Fertilizer + Sex + (1|Plant ID)  Crop Wald )(2 0.76 1 0.383 2693 281.8 2715
Fertilizer 917 2 0.010
Sex 036 1 0.546
3 Larval Development Field Study
Larval performance Weight, 4th instar  Imer (Larva)”4 ~ Fertilizer + (1Block/Cage) Fertilizer F-value 341 1,2 0.206 . 21.6 18.9
Weight, 5th instar  lmer (Larva)" ~ Fertilizer + (1|Block/Cage) Fertilizer F-value  0.66 1,2 0.501 . 1723 167.0
Agronomic metrics Plot yield Imer Yied ~ Fertilizer + Exclusion + (1/Block) Fertilizer F-value .12 1,12 0.309 205.6 1824 2588
Cage 29.28 2,12 <0.001
Grain protein Imer (Protein)'” ~ Fertilizer + Cage + (1/Block) Fertilizer F-value  0.00 2,12 0.835 -77.5 -63.5 1083
Cage 1.15 2,12 0.271
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Table 2-2. Agronomic data collected for the feed barley Xena plot field study conducted in
summer 2014. Plots received full fertilization dose or no fertilizer. Insect treatment was the

addition ofsix Mythimnaunipunctaegg masses. Different letters representstedil significance

bet ween means (Tukey met hod, U = 0.05)
Fertilizer Cagel/lnsects Yield (g) Protein
Fertilizer (full) Cage and insect 2060.57 + 78.23 b  13.57+£0.03

Cage and no insect 2157.47 £132.84 b 14.00+ 0.06
No cage, noinsect 2709.70+ 87.63 a 13.77+0.03
No fertilizer Cage and insect 2058.50+ 122.17 b 13.77+0.19
Cage and no insect  1884.03t 139.30 b 13.70+ 0.06
No cage, no insect 2720.03+ 115.43 a 13.93+0.19
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Chapter 3: Influence of host plant species and fertilization regime on larval
performance and feeding preference of the redbacked cutwornkuxoa ochrogasterand
the pale western cutwormAgrotis orthogonig (Lepidoptera: Noctuidae)
Abstract
The redbacked cutworrtEuxoaochrogaste(Guenée), and the pale western cutwohkgrotis
orthogonia(Morrison), are generalist pests that cause sporadic economic damage to several
crops grown across the Canadian Prairies. Early larval instars feed on foliage, whereas mature
larvaeeat into the stem and sever crop seedligs. objective of this study was to evaluate the
influence of host species and plant nutrition on larval performance of both cutworm species. For
all experiments, third instar laare were housed individually ire®i dishes with randomly
assigned seedlingsmdercontrolled conditions and monitored until pupation. The first
experiments evaluated larval development and preference on threéhaosta, peas argpring
wheat).Euxoaochrogastehad higher performaecon canola and peashile A. orthogoniahad
a higher performance on wheBuxoaochrogasteiconsumednore canolawhereasA.
orthogoniaconsumed more spring wheat in multioleoice feeding experiments. The second
experiments evaluated larval development on fertilizeduafettilized seedlings on canola and
spring wheat. When fed unfertilized seedlingspchrogastehadbetter performace on canola
than springvheat wherea®\. ochrogastehadbetter performance on spring wheat than canola.
Fertilizer application enhanced the performance of both cutworms regardless of the crop species.
Despite their generalist feeding behaviour, botfwwoun species have a larval feeding
preferencghatmatches the host plawith high performance. Canclzereal cropingis a
common crop rotation schedule in the region, however, this tactic will not ndgatgact

cutworm performance.
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Introduction

Agricultural ecosystems under extensive farming are in a corsstgatof annual
disturbancd€Vankosky et al., 2017)Agronomicpracticedike monoculture, crop rotation,
varying levels of soil disturbance (i.e. tillage and harvest), chemical and organg tmput
manage soil fertilityand pestnanagemerntave a strong impact on insect community structure
and population densities that may increase crop vulnerability to pest out(i8éaksan, 2008)

Integrated pest management (IPM) programs employ multiple tactics to prevent insect
pests from reaching economic injury lev@f®gan, 1998)For instance, crop rotation is a
fundamental IPM tactic to prevent pest density buildup by disruption of the life cycle of the
target pest throughubstitution with norhost cropgBullock, 1992) Crop rotatiorcan resulin
larvae that feedn suboptimal host plants, which can affect the performance and adult fitness of
the target pest. For example, the pest density of the Colorado potato lbegilegtarsa
decemlineatdSay) (Coleoptera: Chrysomelidae), is redulsg@doneyear rotation with non
host cereal crops in potat8dlanum tuberosuin) (Solanaceae) fielddVright, 1984)
Similarly, recommendations to rotate whéBltticum aestivuni..) (Poaceae) with neoereal
crops to reduce wheat stem sawfgphus cinctuslorton (Hynenoptera: Cephidae), numbers
havebeen implemented in the Canadian Prairies for several (Ramss et al., 2011}t is
essential to acquire knowledge on the biology of the pestamaderstand how agricultural
practices mayaffectpest species at the individual and population level in order to develop
successful IPM programs.

Multiple factors determine the optimal performance of immature insect herbivores
(Scriber and Slansky, 198 Hluctuation in environmental factors (i.e. temperature, humidity,

light, CO;, levels) affects growth rate, as well as the quality of host p(&ats et al., 2012,
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Aguilon et al., 2015)Intra and interspecific interactions may increase competition for food
resources and predation rigkantinou et al., 2008, Underwood, 2018pst plant nutritioal

guality, such asarbon content, macrand micronutrient conteranddefensve secondary

chemical compoundsan becritical biotic factos that affects herbivore performemat the

larval stage; this influence can carry forward to the adult stage, and affect fecundity or longevity
(Slansky and Scriber, 1985Yhese bottorup effects on herbivore growth and reproduction can,
in turn,influencepopulation density and contribute to outbreaks of pest species.

Nitrogen is a critical element for growth and reproduction in plants and insect herbivores.
Fertilizer nput increases nitrogen content in plants, and thus, augments biomass and total protein
content(Mattson, 1980, LépeBellido etal., 1996, Jackson, 200(Respectively, insect
herbivores that feed on host plants with high nitrogen content generally have high performance
(Chen et al.2004, Chen et al., 2010, Weeraddana and Evenden,.20@®ntrast, insect
herbivores that feed on host plants with low nitrogen content have low growth rates and
prolonged developmental time, which may increase risk to predation and paréddiggstrom
and Larsson, 1995, Uesugi, 201Bhis is known athe6 s I-gopowth highmor t al i t yd hypo
(Feeny, 1976)

The redbacked cutworruxoa ochrogasteiGuenée), and the pale western cutworm,
Agrotis orthogonigMorrison), are noctuid (Lepidoptera: Noctuidae) pests natinotth
America that cause sporadic economic damage to several annual crops grown across the
Canadian Prairie@eirne, 1971, W.C.C.P., 2015, 2016, Floate, 20Tk redbacked cutworm
is widely distributed in the northern regions of the Canadian Prairie Provinces while the pale
western cutworm is mostly present in the southern regimvgever, infestations may -@xcur

in the same area if environmental conditions are favourable for both s(igeiese, 1971,
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Lafontaine, 1987, Lafontaine, 2008Both species are univoltirmad overwinter as fully

developed first instar larvae within eg@@eirne, 1971)Larvae eclose from eggs in late spring,

when annual crops ae the seedling stage, and develop througloisseven larval instars

(Beirne, 1971)Early instars feed on seedling foliage, whereas |atais display the behaviour
characteristic of cutworms and cut seedling stems to feed on the stem and foliage that ultimately
kill the seedlingStrickland, 1923)Low-density populations result in crop thinning, however,
outbreak infestations can cause complete destruction of gBielche, 1971)Pupation lasts for

two to five weeks iran earthen cell in the solil prior to moth eclosion in late summer.

The redbacked cutworm and pale western cutworm are generalist herbivores with a wide
range of host plants from different famili@eirne, 1971, Floate, 201 any generalist insect
herbivores can discriminate hosts within their acceptedraogte, and females axese some
degree of preference at host selection for oviposition and subsequent larval development
(Schoonhoven et al., 2009)here is no evidence to date, however, of oviposition preferenc
among crops for either cutworm species. Females do not oviposit directly on larval host plants
but lay eggs in loosdry soil under crop stubble or in fallow fiel(Beirne, 1971)Furthermore,
moths fly in late summer and early fall after crop harvest, so that assessment of the plant
community available for offspring the following spring is not possible. There are suggestions
that the redbackkcutworm larvae may prefer canola to cereals, whereas pale western cutworm
infestations are associated with cereal c{@msrne, 1971)

In this study,l investigated the larval performance and larval feeding preference of both
cutworm species. Specificallyasked:

(1) Do host plant species influence larval performance in both cutworm species?
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(i) Do cutworm larvae shoveeding preference between host plant species? Does host

selection by the larvae match the larval performance?
(i)  Does fertilizer input alter host plant species suitability for either cutworm species?

First, | evaluate the effect of host plant species @nal performance compared to an
artificial diet as control. Three annual crops grown in the Canadian Prairie Provinces are tested:
Canol a v aBrassccanapu QP 6 ( Brassi caceae), Pbumel d peas
sativumL.) (Fabaceae) and spgn wh e at v ar iTicum aestiQuDC) (PGaxdae).(All
crop species were developed through tradition
and Forestry, University of Alberta, Edmonton, Alberta, Canada) is a canola variegdapted
for western Canada with high seed oil content and resistant to lodging and blackleg disease
(Stringametal.,1999) 6 CDC God6 (Crop Devel opnthewan, Cent r e,
Saskatoon, Saskatchewan, Canada) is atha&@dl wheat variety seeded in
(Crop Development Centre, University of Saskatchewan, Saskatoonichaskan, Canada) is a
field peavariety welladapted for western Catewith high yeld and resistana® powdery
mildew (Blade et al., 2004)Second]| assess larval feeding preference for the tested host plant
species in thregvay choice assays. Lastlyevaluate the effect of plant fertilizer input on larval
performance under controlled conditions in the labmny.

To develop a successful IPM program for cutworms in the Canadian Prairies, it is critical
to investigate the biology of the pest. Life history and phenology have been studied in detail for
both cutworm specigdacobson, 1970, Jacobson, 1971, Byers and Struble, 1987, Ayre, 1990)
however, there is no information on the effect of host plant species and plant fertilization on

larval performance and fitness. Cutworms provide a good system to study insect nutritional
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ecology, and understand how agricultural practices, like cropaotand crop fertilization, may

influence generalist herbivore performance and fitness.

Materials and Methods
Insect and Plants

A laboratory colony of redbacked cutworm was started from eggs obtained from an
established colony at Lethbridge Researchti@eigriculture and AgrFood Canada, Alberta.
Pale western cutworm eggs were obtained from mated adults reared in the laboratory from field
collected larvae. Colonies of both cutworm species were maintained under control conditions
(Intellus EnvironmentaController, Percival Scientific, lowa, US) at 2C and 16:8 photoperiod
(light: dark). Larvae were reared on a pHitased meridic diet (200.0 g pinto beans, 100.0 g
wheat germ, 64.0 g brewerds yeast, 4dcdd5g met h
mL formaldehyde, 27.5 g agar and 1350 mL water). Larvae were reared individually in 29.6 mL
plastic cups (Solo Cup, Mason, Michigan, US) with a diet cube piece (0.5 x 0.5 x 0.5 cm) and a
piece of filter paper lining the bottom of the cup to @ oondensation. The size of the diet
cube increased by 0.5 cm as larvae reached later instars. Diet and filter papers were replaced
once a week and larvae were monitored until pupation. Pupae were placed in 500 mL plastic
containers with moist, fine veralite (Specialty Vermiculite Canada Corp, Alberta, Canada).
Newly emerged moths (280 individuals, 1:1 male: female) were placed in a mating chamber
(40x 40 x 80 cm) with access t0% sucrose solution (w: v) anetd dishes9 cm diam)
containing fire particle sieved sand (Canadian Standard Sieve Series No. 40, St. Catherines, ON)
that servd as an oviposition site. Eggs were collected every two days and kept@tf@i115

days to complete development of first instar larvae within the egg. Pdagause, eggs were
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pre-chilled at 10 C for 10 days. Eggs were overwintered aC0for four months. Once diapause
was completed, eggs were removed from cold storage for emergence.

Seeds were obtained from Lethbridge Research Centre, Agriculture ardobgr
Canada, Al berta. Three host plant species wer
field peas variety fAiCutlasso and spring wheat
cell trays (cell dimensions: 4303.0 cm and 5.0 cm deep) hafdplastic watering trays with
soilless media (Sunshine mix #2, SunGro Horticulture Canada, Ltd, Seba Beach, ABLat 21
and 16:8 photoperiod (light: dark)e&ds were planted in alternatlls, leaving one empty cell
in between each plant, and thussretray held 48 seedlings. One host plant species per tray was
planted every other day to maintain a constant food source for the larvae throughout the
experiments. Trays were watered from below (approx. 2.0 L) eemgndday. For experiments
evaluatingthe effect of host plant species on larval performance, seedling trays received water
only. For experiments evaluating the effect of fertilization regime on larval performance,
fertilized seedling trays received a fertilizer solution (1 g/k220 [N-P-K] [Plantprod
Ultimate, SureGro IP Inc, Brantford, ON]) from below (approx. 2.0 L) at 7, 14 and 21 days after
sowing, whereas nefertilized seedling trays received water only.

Seedlings used in all experiments were three weeks old (21 days after sontaay)
host plants were used in all experiments to avoid bias on larval performance from feeding on
excised leaf tissyand to maintain seedling moisture. Larvae had access only to the above
ground biomass as a food source and had no access to thegsestisystem. Each individual
seedling was kept within the plastic cell excisaad removedrom the seedling trays for the
experiments. Theoil surfacesurroundinghe seedling root system was covered with corrugated

plastic insert (4.0 3.0 cm) andsecured to the plastic cell with masking tape.
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Host plantnutrient analyses

Nutrient content (nitrogen, phosphorus, potassium and sulphur) for each host plant
species, fertilized or nefertilized, was measured to determine if nutrient availability to the
larvae varied with treatment. Aboggound plant biomass (n=5, from eachnplreatment) was
collected at 21 days after sowing and oven dried at 64 °C for 48 hours. Dried plant mat®rial
finely ground and atrient content analyses were conducted at the Natural Resources Analytical
Laboratory at the University of Alberta, Edmon, CA.Total nitrogen content was measured
through the Dumas combustion meti{@®AC, 2000)with a Costech Model EA 4010
Elemental Analyzer (Costech International Strumatzione, Florence, Italy, F0@&phorus,
potassium and sulphur were measured thinautric acid digestion method and analysed using
ThermoiCAP6000Duo inductively coupled plasmaptical emission spectrometéCP-OES
Spectrometer. Thermo Fisher Corporation, Cambridge, UK,)2012
Larval Performance- Host Plant Species Experiments

Two experiments were conducted to test the effect of host plant species on larval
performance. The first experiment evaluated redbacked cutworm larval performance (n = 16 per
treatment) and a second experiment evaluated pale western cutworm larval perfgm¥aB2e
per treatment). Larval development on three host plant species (canola, field peas and spring
wheat) was compared to that on an artificial ,dadtich served as a positive control. A single
third-instar larva was placed in a larBetri dish (4 an diam.? 2.5cm deep) with two strips of
bleachfree paper towel (2.5 10cm). The lid had 43 cm diam. hole covered with fabric to
reducewater condensation inside thet® dish. A plant treatment was randomly assigned to
each larva and seedlings weeplaced prior to depletion or desiccation. Petri dishes were placed

in a completely randomized design in a growth chamber under controlled condit@ixve.
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Larvae were monitored evesgcondday until pupation. Change in larval instar was determined

by the presence of shed eiafrom the previous instar in the® dish andheincrease in head
capsule width. Larval weight at each instar, head capsule width at each instar, larval
developmental time (from third instar to pupation) and pupal weight wecorded for each
larva.Larvae were weighed to the nearest 0.01g (Balance model: XS105 DualRange, Mettler
Toledo), and head capsule width was measured using a micrometer attached to the stereo
microscope (magnification 1.6x) (Leica MS5, Concord, CB¢)x was determined upon pupation
(Cheng, 1970Q)Pupae were separated by sex and weighed to the nearest 0.01 g (Balance model:
XS105 DualRange, Mettler Toledo).

Larval Feeding Preference Experiments

Threeway choice experiments evaluated the larval feedingmmece of both cutworm
species among the three host plant species: canola, spring wheat and field peas. The first
experiment assessed redbacked cutworm preference, while the second experiment assessed pale
western cutworm preference. Both experiments wenelucted independently under controlled
conditions at 21C and 16:8 photoperiod (light: dark).

Seedlings from each host plant were arranged at random in 12.5 cm diam. pots with
soilless media (Sunshine mix #2). Pots (n=30 for each experiment) wamgedrin a grid in the
experimental arena (1.7x 0.85 m). Fiftfstar larvae were starved for 24 hours and weighed
prior to the experiment. At the beginning of the following scotophase, a single larva was placed
in the center of the pot. Larval feeding cd®was recorded at 1, 2, 3, 6, 12, 24 and 36 hours
after setup. Red incandescent lights (25 w, 125 v, Sylvania Group, Wilmington, MA, USA)
were used during the scotophase to allow recording of the larval feeding choice. After 36 h, the

final larval weigh was recorded. Uneaten abey®und plant biomass was collected and oven
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dried for 48 hours at 64C. To estimate an average of initial plant biomass from each crop plant
species, the aboyground biomass of seedlings with no larval feeding damage (nw30)
measured. Consumed plant biomass per host plant species per pot was calculated by subtracting
uneaten plant dry biomass from the average initial plant dry biomass.
Larval Performancei Fertilization Regime Experiments

Two experiments evaluat¢he effect of fertilizer regime on larval performance. Two
host plant species were used in these experiments (canola and spring wheat) at two fertilization
regimes (fertilized or nofertilized). The first experiment evaluated redbacked cutworm
performane (n = 32 per treatment combination) and a second experiment evaluated pale western
cutworm performance (n = 32 per treatment combination). Singleittstdrlarvae were placed
in a large Btri dish following the experimental design as described folatival performancé
host plant species experiments. A treatment was randomly assigned to each larva and replaced
prior to depletion or desiccation. Larval weight at each instar, head capsule width at each instar,
larval developmental time (from third imstto pupation) and pupal weight were recorded for
each larvaLarvae were weighed to the nearest 0.01g (Balance model: XS105 DualRange,
Mettler Toledo), and head capsule width was measured using a micrometer attached to the stereo
microscope (magnificatin1.6x) (Leica MS5, Concord, ONgex was determined upon
pupation.Pupae were separated by sex and weighed to the nearest 0.01 g (Balance model:
XS105 DualRange, Mettler Toledo).
Statistical Analyses

For all statistical alnlal me @ sl s o ghefikddi wetr e
component of the models included the main effect of all relevant explanatory variables and all

possible interactions.
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For host plant species experiments, data were tested for normality and heteroscedasticity
using vsual techniques and the Shapblks test. Host plant nutrient concentration was
analyzed using alinearmodelt he 61 mé command i n t3e R packag
(Venables and Ripley, 20Q2yith crop plant species #ise explanatory fixed variablélrable 3
1). Larval weight at each instar was normalized through natural logarithm transformation, while
head capsule width at each instar was sgu@etransformed. Larval weight and head capsule
width at each instar were analyzed with a linear mixed model wittorarintercept and slope to
account for the repeated measures on the same
R package -14MRinmedro et al.,.2@1L4Host plant species, sex and instar (amdkth
interactions) were specified as explanatory fixed varigfdlable 31). Instar was also specified
as the random intercept and larval identification number as the random slope (~ instar | larva ID)
(Table 31). Larval developmental time, from third Vel instar to pupation, was analyzed using
a generalized |inear model with Poisson fami/|l
601 me 4 47 (Bated et dl., 2015hit host plant species and sex (and their interactions) as
explanatory fixed variabte(Table 31). Pupal weight was transformed to the (1/4) power for
normality and analyzed in a linear modet he o6 It m@ nf umc t he R p3ckage
(Venabks and Ripley, 2002)vith host plant species and sex (and their interactions) as
explanatory fixed variablggable 31). Analyses for fertilizer regime experiments used similar
statistical models as described for host plant species experimentemiitbation regime
specified as the explanatory fixed variable in all models for each of the response vératles
3-1).

For larval feeding preference experiments, first feeding choice was analyzed using

P er s o ssquareddtebt for countdatawithh e &6échi sgq. testd& command i n

74



v.3.5.0. Additionally, plant biomass consumed by larvae was analyzed using a linear mixed
model with host plant species as explanatory fixed variable and pot number as random blocking
factor i rommae dolimerRd pa clkBajesetall20b¥ 6 v . 1. 1

For all models, model simplification was performed in stegea posteiori procedure
by removing norsignificant interaction terms and comparing nested models through Likelihood
ratiochisquarea est with the danovad cOf(FoxemdWeisheryy R pack
2011) The opti mal model was selected using Akai ki
statistic values, degree of freedomnumstendpv al ues wer e obtained from
function i n R -OfFcandVesber,2@ll)6Tive 30 Anovad functi
analysis of variance tables from model-s creat
tests are calculated for linear models, Waldszhiare (Vald c?) tests are calculated for linear
mixed models and Likelihoodatio chisquare (R c?) are calculated for generalized linear
model s. Means comparison for all experiments
with package (IehtsameHemé ZD15KI.statistital analyses were conducted
using the freely ava83lab0é shadtRStudiadb pac8a&g

(http://www.rstudio.com

Results
Larval Performancel Host Plant Species
Nutrient concentration varied among host plant species in nitroges~B6.20, p <
0.001), phosphorus £ks= 6.96, p = 0.007) and sulphur conterg {§= 91.08, p < 0.001). Field
peas had the highest concentration of nitrogen and phosphorus, followed by spring wheat, while

canola had the lowest concentrations for both elemEigarg 31). Canola and fields peas had
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similar sulphur content while spring wheat tsaghificantly less sulphur thasanola and field
peas Figure 31). There was no difference in potassium concentration among the tested host
plant species (hs=2.27 p = 0.13)(

The influence of host plant species treatment on redbacked cutworm larval weight was
dependant on larval instar (host speéid@sstar, Waldc? = 126.39, df = 12, p < 0.001) and sex
(host specie3 sex, Waldc? = 13.28, df = 3, p = 0.004F{gure 32). Male and female
individuals in all host plant species treatment had similar weights only at the third larval instar,
however, differences in weight by sex appekn later instars. Fourth instar female larvae
reared on artificial diet and canola had linghest weight, followed bfemales fed field peas.
Female &rvae fed spring wheat had the lowest weight. Fourth instar male larvae reared on
artificial diet had a higher weight thamalesfed spring wheat, whilenalelarvae reared on
canola or field pealsad intermediate levels. For both sexes in the fifth instar, larvae that fed on
artificial diet, canola or field peas had a similar and heavier weight than larvae that fed on spring
wheat. Sixth and seventh instar female larvae fed artificial diet hddghest weight, followed
by those fed canola and field peas, which had a similar weight. Female larvae fed spring wheat
had the lowest weight. In contrast, sixth and seventh instar male larvae fed artificial diet had the
heaviest weight compared to larvhat fed on any of the crop plants.

The effect of host plant species on pale western cutworm larval weight was dependant on
larval instar (host plant specigsnstar, Waldc? = 150.90, df = 12, p < 0.001Figure 33),
however, female and male individsidnad a similar performance across all larval isstar
regardless of the host plant species treatment (@fatd).349, df = 1, p = 0.554). Larvae that

fed on artificial diet were heavier than larvae reared on any of the host plant species, regardless
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of the larval instar. Larval weight did not differ with the host plant species on which they were
reared at any stage of larval development.

There was a significant interaction between host plant species and instar on redbacked
cutworm head capsule width (gsant specie? instar, Waldc? = 71.88, df = 12, p < 0.001),
which indicates that host plant species influenced head capsule width within eachrigstar (
3-4A). Female and male individuals had a similar head capsule width within each larval instar,
regardless of the host plant species treatment (\@fatd0.00, df = 1, p = 046). There were no
differencesm head capsule width between larvae on the different host plant species treatments
within the third and fourth larval instar, however, the eftédiost plant species treatment on
head capsule width occurred in later instars. Fifth instar larvae that fed on artificial diet, canola
or field peas had wider head capsules than larvae that fed on spring wheat. Sixth instar larvae
that fed on artificiatliet or canola had wider head capsules than larvae that fed on field peas or
spring wheat.

Likewise, there was a significant interaction between host plant species and instar on pale
western head capsule width (host plant spéciestar, Waldc? = 347.33, df = 12, p < 0.001)
which indicates that differences in head capsule within each instar were influenced by the host
plant speciesHigure 34B). There was no difference in head capsule width between male and
female individuals within each larvaidstar, regardless of the host plant species treatment (Wald
c®=0.331, df = 1, p = 0.565). Third instar lantzad similar head capsule width all host plant
species treatments. Fourth and fifth instar larvae reared on artificial diet had wideapsalé<
than larvae fed on the host plant species. Sixth and seventh instar larvaemneatiédial diet
had wider head capsules, followed by larvae fed on spring wheat. Sixth and seventh instar larvae

reared on canola and field peas had the narrdvesst capsule width.
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Host plant specietseatment had an effect on redbacked cutworm larval developmental
time (LRc? = 23.43, df = 3, p < 0.001). Larvae that fed on artificial diet had a faster
developmental time (28.01.33daysSE) compared to larvaeared on crop plant species
(canola 36.0 1.13; field peas 33.351.18; spring wheat 37.261.16) Figure 35A). Host
plant species treatment also influenced larval developmimiin pale western cutworm
(LR c®= 26.22, df = 3, p ©.001). Larvae reared on artificial diet and spring wheat had faster
developmental times (48.341.34 and 50.48 1.02days respectively) compared to larvae
reared on canola (58.041.16day9 or field peas (58.71 2.36day9g (Figure 35A). There was
no difference in larval developmental time between male and female individuals for either
redbacked cutworrLR c, = 1.53, df = 1, p = 0.214)r pale western cutworm (L& = 1.16 df
=1, p=0.282).

Redbacked cutworm larvae had high surviaaldence with more than 87% of
individuals reaching pupation in each of food source treatments. Pupal weight in redbacked
cutworm was strongly influenced by host plant species treatmept<57.43 p < 0.001) and
this effect was dependent on sex of the individast plant species sex F 49= 297 p = 0.040)
(Figure 36). Individuals reared on artificial diet had the heaviest pupal weight, regardless of sex
(305.32° 6.95mg SE). The pupal weight of females reared on canola (19612707mg) and
field peaq196.98° 11.09mg) was heavier than that for females reared on spring wheat (148.60
° 9.25mg), whereas the pupal weight in males was equal for all individuals regardless of the
host plant species treatment.

Pale western cutworm survivadcidencevariedamong food source treatments. Larvae
reared on field peas had a low survivalidence(22%), followed by canola (66%); while larvae

reared on spring wheat and artificial diet had high surwinatience(88% and 91%,
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respectively). Host plant speciesatm@ent had a strong influence on pale western cutworm pupal
weight (Rgo= 122.89 p < 0.001), regardless of sex ¢= 0.08, p = 0.72) (Figure 37).
Individuals reared on artificial diet had the heaviest pupal weight (3247881 mg), followed
by spring wheat (214.446.02mg) and peas (181.2111.11mg). Larvae feeding on canola had
the lowest pupal weight (150.016.04mg).
Larval Feeding Preference Experiment

The first feeding choice of cutworm larvae did not vary with hasttdpecies for
redbacked cutworntf = 3.8, df = 2, p = 0.14%r pale western cutworne{= 1.75, df =2, p =
0.416. The consumed plant biomakswever, differed with crop species for both species.
Redbacked cutworm consumed more canola, followed by spring wheat and field peas with the
lowest consumed biomass (Waltl= 11.51, df = 2, p = 0.003). Statistical differences were only
detected betweethe consumed biomass of canatalfield peas Figure 38A). Conversely,
pale western cutworm consumed more spring wheat compared to canola and field pea$ (Wald
= 17.65, df = 2, p < 0.001Figure 38B).
Larval Performancel Fertilization regimes

Ferilizer application increased potassium content in seedlings regardless of the host plant
species (F20= 105.02, p < 0.001)Fgure 39). Unfertilized spring wheat and canola seedlings
had similar low potassium levels (1.10D.025 and 1.446 0.100 g/10 g° SE, respectively).
Fertilization increased potassium content for both wheat and canola seedlings (@.343 and
3.746° 0.350 g/100 g, respectively). For the remainder of the maeraents analyzed, the
effect of fertilization on nutrient conceation was dependent on the host plant species for
nitrogen (k0= 11.33, p = 0.003), phosphorus 5= 7.70, p = 0.011) and sulphur (k=

36.02, p < 0.001)Rigure 39). Unfertilized spring wheat seedlings (1.328.062 g/100 g) had a
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higher nitbgen content than unfertilized canola seedlings (1208626 g/100 g). Fertilizer
treatment increased nitrogen in both spring wheat and canola to a similar concentration level
(3.568° 0.195 and 3.773 0.353 g/100, respectively). For phosphorus, bofkrtized spring
wheat and canola seedlings had a similar low concentration (0.0.843 and 0.167 0.12
0/100 g, respectively). Fertilization increased phosphorus concentration, as fertilized spring
wheat seedlings had a higher phosphorous contemfén#ized canola seedlings (1.3470.069
and 0.818 0.053 g/100 g, respectively). The lowest concentration of sulphur was found in
unfertilized spring wheat seedlings (0.210.011 g/100 g). Fertilizer application increased the
sulphur level in spring wheat seedlings (0.831.026 g/100 g). Fertilizer application did not
increase sulphur content in canola and both unfertilized and fertilized seedlings had a similar
concentrabn (0.927° 0.054 and 0.905% 0.031 g/100 g, respectively).

The effect of fertilizer treatment on redbacked cutworm larval weight was dependent on
an interaction with host plant species and larval instar (fertilizatiomst? instar, Waldc? =
8.98, df= 3, p = 0.029)Kigure 310A). Third instar larvae reared on fertilized canola or spring
wheat had higher larval weights than those reared offartlized canola or spring wheat.
Larvae fed no+fertilized canola had a similar weight to larvae fedilieed spring wheat. Larval
weight of larvae in instars-@, was highest for individuals fed either fertilized canola or spring
wheat, followed by larvae fed ndartilized canola and larvae fed néertilized spring wheat
had the lowest weight. Redbackadworm larvae reared on fertilized seedlings completed
development after the sixth instar, while larvae reared offertiized seedlings reached the
seventh instar prior to pupation.

The influence of fertilizer on pale western cutworm larval weight was dependant on crop

plant species (fertilizatioh host, Waldc® = 5.17, df = 1, p = 0.022) and on the larval instar
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(fertilization? instar, Waldc? = 21.78 df = 4, p < 0.001)Rigure 310B). Third instar larvae

reared on fertilized canola or spring wheat had the highest larval weight. Third instar larvae
reared on notfiertilized canola or spring wheat had the lowest larval weight, although larvae fed
fertilized spring wheat had a simitareight to larvae fed nofertilized spring wheat. Individuals

fed either fertilized canola or spring wheat had the highest weight when in the fourth to sixth
instar, whereas larvae fed ntartilized canola or spring wheat had the lowest weight.

There was significant threavay interaction among host plant species, fertilizer
treatment and instar on redbacked cutworm head capsule width (host faeiizer 3 instar,
Waldc? = 15.17, df = 3, p = 0.001), which indicates that the interaction betweeplaost
species and fertilizer treatment influenced head capsule width within each Figtare 311A).
There were no differences in head capsule width among larvae within the third and fourth larval
instar, however, the effect of food source treatmartiead capsule width appeared in later
instars. Fifth instar larvae reared on fertilized canola or spring wheat had the widest head
capsules, followed by those reared on-fentilized canolaand larvae reared on ndertilized
spring wheat, which had thmarrowest head capsules. Sixth instar larvae reared on either
fertilized canola or spring wheat had wider head capsules than larvae reared onférélized
seedlings. Female and male larvae had similar head capsule widths within each larval instar,
regardless of fertilization regime or host plant species (Wakl0.08, df = 1, p = 0.775).

There was a significant threeay interaction among host plant species, fertilizer
treatment and instar on pale western cutworm head capsule width (ho$t fielditizer 3 instar,
Waldc? = 13.09, df =4, p = 0.010) Figure 311B). Third and fourth instar larvae had similar
head capsule widths in all fertilizer and host plant species combinations. Sixth instar larvae fed

fertilized canola or spring wheat had wider head capsules than larvae rearedfertilimed
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seedlings. Fth and seventh instar larvae reared on fertilized canola or spring wheat had the
widest head capsules, followed by those fed-feotilized spring wheat and larvae reared on
nonfertilized canola which had the narrowest head capsule widths.
Redbacked dworm larval developmental time was not influenced by host plant species
(LR c?=0.13, df = 1, p = 0.711) or sex of the individuals ¢3= 2.62, df = 1, p = 0.105), but
was affected byeftilizer application (LRe? = 147.24, df = 1, p < 0.001). Larvaeat fed on
fertilized seedlings had a faster larval developmental time (24.37 dagd SE) than larvae
that fed on nofiertilized seedlings (37.85 da§sl.17 SE)XFigure 312). In contrast, fertilizer
application did not influence pale western cutwdanval developmental tim@.R ¢ = 3.12, df
=1, p = 0.07). Pale western cutworm larvae that fed on spring wheat seedlings had a faster
developmental timé50.92 days 1.34 SEXhan larvae that fed on canola seedlifift 94 days
° 1.34 SE)regardless of the fertilizer treatment or sex of the individualqi.R6.64, df =1, p
= 0.009) Figure 313). Males developed faster than females ¢€R 14.29, df = 1, p < 0.001).
Redbacked cutworrmpupae weréeavier when larvae fed on fertilizedeséings (272.61
mg° 6.92 SH, than when larvae fed on ndertilized seedlings (171.13.61 Mg4.97 SB (F1 06
= 175.55, p < 0.001), regardless of the crop species or sex of the indivieigale 314).
Furthermore, the influence of crop species on pwe#ght was dependent on the sex of the
individuals (F,96= 7.38, p = 0.007). Females reared on fertilized canola had the heaviest pupal
weight, followed by those reared on fertilized spring wheat;fedilized canola and lastly the
nonfertilized sprng wheat. The pupal weight of males reared on fertilized canola or spring
wheat was heavier than that of males reared orfentiized hosts.
The effect of fertilizer treatment on pale western cutworm pupal weight was dependent

on crop plant species (féizer 3 crop b 9s= 14.49, p < 0.001)Hgure 315). Individuals reared
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on fertilized canta or spring wheat had a similaigh pupal weight (292.438.54 and 291.43
8.91 mg SE, that was significantly heavier than the pupal weight of individuals reared en non
fertilized spring wheat (223.86 nig7.81 SB and norfertilized canola (161.62 my7.85 SH.

There was no difference in pupal weigjetween males and females ¢&= 1.29, p = 0.257).

Discussion

This study assessed the larval performance of two generalist insect herbivores, the
redbacked cutworm and the pale western cutworm, on different crop plant species compared to
an artificial diet. As expected, both cutworm spsdiad the fastest developmental time and the
highest pupal weighvhen reared on artificial diet as compared to any of the crop species tested.
Artificial diets can provide a richer source of nutrients than host plants when formulated for
optimal nutriticmal requirementéHan et al., 2012, Anato et al., 20F&varo et al., 2017Jor
example, the generalist black cutworgrotis ipsilon(Hugnagel) (Lepidoptera: Noctuidae), has
a longer developmental time and greater number of larval instars when reared on susceptible
corn seedlingsdea may4..) (Poaceae) than on a pinto bdzased artificial die(Santos and
Shields, 1998)Similarly, larvae from the generalist butterfly, the Painted La@ynéssa ynthia
L.) (Lepidoptera: Nymphalidae), have a higher growth rate and pupal weightredued on
artificial diet than on leaves from the h&antagospp. (Plantaginaceaégllis and Bowers,
1998) Although irsect herbivores are adapted to obtain nutrients from plants species within their
host range, they also encounter indigestible structural compounds, such as lignin and cellulose,
and an array of plant secondary metabolites that can impact perfor(Bahoenhoven et al.,
2005) For instance, powdered silica and cellulose incorporated into artificial diet reduce nutrient

digestibility and consumption rate in larvae of the generalist southegwanm Spodoptera
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eridiana(Cramer) (Lepidoptera: Noctuidageterson et al., 1988)arvae of the generalist
armywormsHelicoverpa armiguergHubner)andS. litura(Frabicius) (Lepidoptera: Noctuidae)
also have reduced larval weight and high mortality rates when the phenolic compounds,
cinnamic acid an@-couramic acid, from cottorGossypium hirsuturh.) (Malvacea) leaves are
incorporated into an afitial diet (Dixit et al., 2017) In contrast, large of the specialist

butterfly, Buckeye Junconia coenid..) (Lepidoptera: Nymphalidae), hamgher performance

on Plantagospp. leaves than on artificial diet due to its adaptation to the plant secondary
metabolite, iridoid glycosidéEllis and Bowers, 1998Plant secondary metabolites that are toxic
or act as feeding deterrents to generalist herbivores can be used bysspexiaivores for host
finding cues or for protection against preda{@is and Agrawal, 2012)The redbacked and pale
western cutworm are generalist herbivores and may not require plantiaeg metabolites from
larval host plargto enhance their performance. Larvae from both cutworm species had the
highest performance on artificial diet, and therefore, the artificial diet employed in the current
study provides adequate nutrition to support a cutworm colony in the laboratory.

Although both cutworm species are considered generalist herbivores, larval performance
of both species varied with the crop species tested. Overall, canola and field peas are more
suitable hosts than spring wheat for the redbacked cutworm, whereas, spratgsamore
suitable host than canola for the pale western cutworm. Field peas are not a suitable host for pale
western cutworm as there was low survival on this hadiserved differences in nutrient
content among crop plants, but larval performarsseot be directly linked to the nutrient
availability in the different crop species tested. Field pea is a nutritionally superior crop species
with the highest content of nitrogen and sulphur, canolabkasilar concentration of sulphur to

field peas buhas the lowest nitrogen concentration, and spring wheat has an intermediate level
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of nitrogen and the lowest concentration of sulphur. Higher performance on host plants with
comparatively low nutritional quality occurs in other generalist herbivoreshiékeabbage
looperTrichoplusia ni(Hubner) (Lepidoptera: Noctuida@foapio et al., 2018Neonate and

second instaf. nilarvae have a higher larval weight when reared on cablBagdefaced..

var.capitatg (Brasicaceadhat is naritionally inferior to other tested hosts. Although both

cutworm species are generalists, it appears that the redbacked cutworm is better adapted to cope
with plant defense compounds in canola and field peas, while the pale western cutworm is better
adaped to spring wheat.

Generalist herbivores are able to feed and complete larval development on multiple plant
species from different plant families, however, their performance and fitness varies between host
plants species. For example, soybean and cate®smore suitable hosts for the generalist
armywormsS. eridania(Stoll) andS. cosmioidegValker (Lepidoptera: Noctuidae) than oat,
maize and wheat. This performance hierarchy majuleeto adaptation of larvae to the
chemical profile of soybean and amitas they develop faster and have higher survival rates on
these host€Silva et al., 2017)Suitability of host plants to the polyphagous bertha armyworm
Mamestra configurat&Valker (Lepidgtera: Noctuidae) varies among plant species within its
host rang€Dosdal and Ulmer, 2004)Brassica rapa., Sinapis alba.. (Brassicaceae) and
Chenopodium alburh. (Chenopodiaceae) are the most suitable hosts compa@aciiam
aversel. (Compositae) antinum usitatissimurh. (Linaceae). The generalist armigerahas
higher fitness, as measured by the total number of eggs laid by females, when reared on
chickpeagqCicer arietinumL.) (Fabaceae) thailwmato Lycopersion esculentunviill)
(Solanaceag)Razmjou et al., 2014}-or several insect herbivores, pupal weight is strongly

correlated with potential fecundifpwmack and Leather, 2002Redbacked cutworm larvae
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that feed on canola or field peas grade western cutworm that feed on spring wheat may have
higher adult fitness, and therefore, the effect of host plant species may lead to a potential increase
in cutworm population density.

Orientation to food resources by insect herbivores can invaia®na movement, which
leads to chance host encouster oriented movement guided by host plant ¢@efioonhoven
et al., 2005)Larvae of the redbacked and the pale western cutworms appgearet a random
searching behaviour, &$ound no difference by host plant in the first feeding choice across
several host choice experiments. Insect herbivores assess the quality of host plants through
multiple sensory receptors, and acceptance of foactss is evidenced by sustained feeding on
a given host planiSchoonhoven et al., 200%Ithough both cutworm species demonstrated
random searching behavioligbserved larval feeding @ge¥ence as measured by the total
amount of consumed plant biomass per crop species tested after 36 hours. The redbacked
cutworm consumethorecanola and spring wheat than field peas, while the pale western
cutworm preferred spring whelitancanola and filel pea seedlings. Furthermore, the larval
feeding preferences match the larval performance in both cutworm species. A positive link
between larval feeding preference and performance, although rarer than in insect specialists,
occurs in some polyphagousvae. Neonate and second inskanilarvae orient and select
cabbage leaf discs over other hosts in mulighieice feeding experiments; these choices match
the host plant species that support the highest larval perforrf@oapio et al.2018) Similarly,
H. armigeraandH. assulta(Guenée) larvae have faster development and higher pupal weight on
host species that match the larval feeding preference in midtipiee experimentd.iu et al.,

2012) Although there is no evidence of oviposition preference between crops in these species,
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our results suggest hierarchical host selection by larvae of both cutworm spedigsat
cutworm larvae could have a more active role in host selection than females.

The current study also evaluated the effect of fertilization on cutworm larval
performance. As expectef@rtilizer input increased host nutrition quality in canold apring
wheat seedlings, and therefore, enhanced the performance of both cutworm species. Similar
results have been reported in other insect lepidopteran systems. For instance, the cabbage white
butterfly (Pieris spp.) (Lepidoptera: Pieridag}lhen et al., 2004}he beet armyworr8. exigua
(Hubner) (Lepidoptera: Nociiae)(Chen et al., 2008nd the bertha armywor(iVeeraddana
and Evenden, 2018)ave faster development and higher pupsightwhen reared on fertilized
than nonrfertilized host plants.

For the redbacked cutworm, larvae rearedestilized seedlings develop faster and have
a higher pupalveightthan those reared on néertilized seedlings. Furthermore, female
redbacked cutworm larvae have a higher pwmaghton canola than on spring wheat, while
male larvae perform the same looth crop seedlings. Difference in performance between sexes
on different host plant species is dependent on the herbivore species. For instaneegighpal
of females of the pine beauty moBgnolis flammedDenis & Schiffermdller) (Lepidoptera:
Noctudae), reared oRinus sylvestris. (Pinaceae) are heavier than those reare@. @ontorta
L., however, this difference does not occur in mélesther et al., 1998])t appears that
redbacked cutworm differs in host utilization between sexes, in which females are more
influenced by host plant food quality than males. Future work should examine resource
allocation toreproduction in female redbacked cutworms.

Fertilizer input does not influence developmental time of pale western cutworm larvae.

Larvae reared on fertilized seedlings attained higher larval weight and head capsule width within

87



instars than those reared mon-fertilized seedlings. This cutworm species has a prolonged
prepupal phase as an adaptation to hot dry summers to delay moth emergence until conditions
are favourable for ovipositiofByers, 1992) Although nutrient content does not influence larval
development time in the pale western cutworm, crop species has a strong influence in this and
previous studies. Larvae reared on the wheat culfikatcherdevelop faster thatinose reared

on the barley cultivaCompanaand the oats cultivdxter (Jacobson, 1971 herefore, crop
speciesnay have a stronger influence on larval developmental time than fertilizer input or
nutritional content of the plant.

The pupalveightof the pale western cutworm is influenced by fertilizer input. Larvae
reared on notfiertilized wheat have a higher pupa¢ightthan those reared on ndertilized
canola, however, larvae attain similar high pupaights when reared on fertilized plants of
either species. Similar patterns have been founB .foapae crucivorandP. canidia canidia
(Hwang et al., 2008).arvae eared on noffiertilized Rorippa indical. (Brassicaceae) have
lower pupal weight compared to those reared onfadilized B. campestrishowever, there are
no differences in pupal weight when reared on fertilized plants. Fertilizer input alters host
suitability for pale western cutworm, and consequently, larvae that feed on fertilized canola or
spring wheat seedling will have a similarly high performance.

In conclusion, the redbacked cutworm and the pale western cutworm are generalist pests,
however, ouresults indicate that both cutworm species have a larval feeding preference which
matches the host plant that promotes high performance. The redbacked cutworm has higher
performance on canola and field peas, while the pale western cutworm has the highest
performance on spring wheat seedlings. Field peas are not a suitable host for pale western

cutworm. Although both cutworm species have a random movement pattern to orient to host
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plants, mature cutworm larvae assess the suitability of a host plant arthveag more active

role in host selection than the adult females that lay eggs in th&eilizer input at seeding

will alter host plant suitability for both cutworm species and increase the performance of
individuals reared on either canola or spnvigeat.Nutrient content of host plants enhances the
larval performance of both cutworm species, which may leaah increase in cutworm fitness
and an increase in population density. Caftelgal crops is a common crop rotation schedule in
the Canadian Prairie Provinces to disrupt pest life cycles, however, this IPM tactic does not

negatively impact cutworm perimance.
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Figure 3-5. Boxplot of larval developmental time (days) from third instar to pupation. Midline
indicates the median; the top and bottom of the box indicates the first and third quartiles,
respectively; vertical line or whiskers represent the maximum value or Ir&uatgle range of

the dataand open circles represent points more than 1.5 times the interquartileTriagigeis

no difference in weight between male and female individ¢a)sRedbacked cutwornE(ixoa
ochrogaste) (B) Pale western cutwornfgrotis orthogonig. Means comparison was performed
for differences between food source treatment within cutworm species. Boxplots marked with

di fferent |l etters are statistically different
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Figure 3-10. Mean larval weight (m§ SE) per instartA) Redbacked cutwornE(xoa
ochrogaste) (B) Pale western cutwornf@rotis orthogonig. Means comparison was performed
between crop speciésfertilizer treatment within each instar. Bars marked with different letters
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indicates the first and third quartiles, respectively; vertical line or whiskers represent the
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male and female individuals. Means comparison was performed for differences between crop
species fertilizer treatment. Boxplots marked with different letters are stadibtidifferent
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Table 3-1. Results of the optimal atistical models used in the several experiments to determinglirence of host plant species

and fertilization regime on larval performance and feeding preference of the redbacked c&Ewaanochrogasteiand the pale

western cutwormAgrotis orth@onia, (Lepidoptera: Noctuidae).

Response Explanato Optimal ~ Full -~ Null
Experiment p Function Optimal Model P . vy Statistic df P-value model model Model
variable varaible
AIC AIC AIC
1 Host Plant Species
Plant nutrient analysis Nitrogen Im N ~Host Host F-value 36.2 2,15 <0.001 10.5 357
Phosphorus Im Ln (P) ~ Host Host F-value 6.97 2,15 0.007 35 11.3
Potassium Im K ~Host Host F-value 227 2,15 0.138 -10.6 9.8
Sulphur Im S ~Host Host F-value 91.10 2,15 <0.001 -35.9 6.4
. Ln (Weight) ~ Host + Sex + Instar + Host:Sex
t

RBC Larval performance  Larval weight  Imer + Instar:Sex + (Instar[Larva ID) Host Wald y 5013 3 <0001 126.85 129.9 4583

Sex 378 1 0.052

Instar 10267.59 4 <0.001

Host:Sex 1329 3 0.004

Host:Instart 126.39 12 <0.001

Ln (HC) ~Host + Sex + Instar + Instar +
Head 1 Imy Host 6.18 3 0.003 -587.4 -566.0 -300
cad capsule e Host:Insar + (Instar[Larva ID) o8 Wald )(2

Sex 0.00 1 0.945

Instar 10093.36 4 <0.001

Host:Instart 71.89 12 <0.001
Larval time glm Time ~ Host + Sex Host LR x2 2344 3 <0.001 354.1 3575 3705

Sex 1.54 1 0.215
Pupal weight Im Ln (Pupa) ~ Host + Sex + Host:Sex Host F-value 57.43 3,49 <0.001 -43.2 31.2

Sex 0.51 1,49 0.479

Host:Sex 2.97 3,49 0.040
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Table 3-1. (Continued).

Response Explanato Optimal ~ Full  Null
Experiment p Function Optimal Model P . & Statistic df P-value model model Model
variable varaible
AIC AIC AIC
1 Host Plant Species
. Ln (Weight) ~ Host + Sex + Instar + Host:Sex
PWC Larval performance - Larval weight  Imer + Instar:Sex + (InstarLarva ID) Host Waldy® 28777 3 <0001 -17.8  -1.1 4737
Sex 035 1 0.555
Instar 10878.92 4 <0.001
Host:Sex 1.66 3 0.646
Host:Instart 15090 12 <0.001
Head capsule Imer Ln (HC) ~ Host + Sex + Instar + Instar +
P Host:Insar + (Instar|Larva ID) Host Wald y° 158 3 0.001 -1481.7 -1481.7 -1043
Sex 033 1 0.565
Instar 14122.15 4 <0.001
Host:Instart 34733 12 <0.001
Larval time glm Time ~ Host + Sex Host LR x2 2622 3 <0.001 561 564.1 5829
Sex 1.16 1 0.282
Pupal weight  Im (Pupa)"” ~ Host + Sex Host F-value 122.89 3,80 <0.001 -84.1 -853 544
Sex 0.08 3,80 0.772
2 Larval Preference
RBC Feeding choice  Chisq.test . Chisq 38 2 0.149 .
Consumed mass Imer Consumed ~ Host + (1{Pot ID) Host Wald ){2 11.51 2 0.003 . 886.4 905.7
PWC Feeding choice  Chisq.test . Chisq 1.75 2 0417 .
Consumed mass Imer Consumed ~ Host + (1/Pot ID) Host Wald x° 17.65 2 <0.001 . 574.0 595.0
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Table 3-1. (Continued).

Response Explanatory Optimal - Full Null
Experiment . Function Optimal Model . Statistic df P-value model model Model
variable varaible
AIC AIC __ AIC
3 Fertilization Regimes
Plant nutrient analysis Nitrogen Im N ~ Host + Fertlizer + Host:Fertilizer Host F-value 10.52 1,20 0.004 -51.9 149
Fertilizer 374.19 1,20 <0.001
Host:Fertilizer 11.34 1,20 0.003
Phosphorus Ln(P) ~ Host + Fertlizer + Host:Fertilizer Host F-value 23.65 1,20 <0.001 . -13.9  67.8
Fertilizer 718.97 1,20 <0.001
Host:Fertilizer 7.71 1,20 0.011
Potassium K ~Host + Fertlizer + Host:Fertilizer Host F-value 0.01 1,20 0.927 52.4 52.2 90.5
Fertilizer 105.03 1,20 < 0.001
Sulphure S ~ Host + Fertlizer + Host:Fertilizer Host F-value 192.79 1,20 <0.001 -44.3 14.1
Fertilizer 43.79 1,20 <0.001
Host:Fertilizer 36 1,20 <0.001
Ln (Weight) ~ Host + Fertilizer + Sex + Instar
RBC Larval Performance Larval weight Imer + Host:Fertilizer + I:IAost:Sex + Fertilizer:Sex
+ Host:Instar + Fertilizer:Instar + Sex:Instar +
Host:Fertilizer:Instar + (Instar|Larva ID) Host Wald X2 28.85 1 <0.001 2719 2819 8152
Fertilizer 282.68 1 <0.001
Sex 0.00 1 0951
Instar 8855.88 3 <0.001
Host:Fertilizer 11.09 1 <0.001
Host:Sex 0.27 1 0.601
Fertilizer:Sex 0.80 1 0372
Host:Instar 4.38 3 0223
Fertilizer:Instar 50.60 3 <0.001
Sex:Instar 13.12 3 0.004
Host:Fertilizer:Instar 8.98 3 0.029




Table 3-1. (Continued).

Response Explanatory Optimal - Full Null
Experiment . Function Optimal Model . Statistic df P-value model model Model
variable varaible
AIC AIC  AIC
3 Fertilization Regimes
Ln (HC) ~ Host + Fertilizer + Sex + Instar +
RBC Larval Performance Head capsule Imer Host:Fertizer + H(.)s.t:Sex + Fertilizer:Sex +
Host:Instar + Fertilizer:Instar + Sex:Instar +
Host:Fertilizer:Instar + (Instar|Larva ID) Host Wald )(2 0.45 1 0.500 -811  -808.5 -314.4
Fertilizer 20.52 1 <0.001
Sex 0.08 1 0.775
Instar 13432.45 3 <0.001
Host:Fertilizer 2.31 1 0.129
Host:Sex 0.01 1 0932
Fertilizer:Sex 1.28 1 0258
Host:Instar 16.16 3 0.001
Fertilizer:Instar 124.06 3 <0.001
Sex:Instar 1.74 3 0.627
Host:Fertilizer:Instar 15.18 3 0.002
Larval time glm Time ~ Host + Sex + Fertilizer Host LR x2 0.13 1 0.712 628 632.8 774.6
Sex 262 1 0.105
Fertilizer 14724 1 <0.001
Pupal weight Im Pupa ~ Host + Sex + Fertilizer + Host:Sex Host F-value 4.66 1,96 0.033 1036.2 1037 1139.2
Sex 4.53 1,96 0.036
Fertilizer 175.55 1,96 <0.001
Host:Sex 7.38 1,96 0.007
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Table 3-1. (Concluded).

Response Explanatory Optimal ~ Full -~ Null
Experiment . Function Optimal Model . Statistic df P-value model model Model
variable varaible
AIC AIC AIC
3 Fertilization Regimes
Ln (Weight) ~ Host + Fertilizer + Sex + Instar
PWC Larval Performance Larval weight Imer + Host: Fertilizer + Fertilizer:Instar +
(Instar|Larva ID) Host Wald )(2 0.03 1 0.862 -3.4 33.2 501.7
Fertilizer 158.74 1 <0.001
Sex 043 1 0.501
Instar 10402.46 4 <0.001
Host:Fertilizer 517 1 0.023
Fertilizer:Instar 21.78 4 <0.001
Ln (HC) ~ Host + Fertilizer + Sex + Instar +
Host:Fertizer + Host:Sex + Fertilizer:Sex +
Head capsule Imer I
Host:Instar + Fertilizer:Instar + Sex:Instar +
Host:Fertilizer:Instar + (Instar|Larva ID) Host Wald }(2 0.22 1 0.636 -895 -890.9 -365.2
Fertilizer 2.64 1 0.104
Sex 0.00 1 0.971
Instar 20287.46 4 <0.001
Host:Fertilizer 0.11 1 0.741
Host:Sex 0.11 1 0.743
Fertilizer:Sex 9.66 1 0.002
Host:Instar 21.00 4 <0.001
Fertilizer:Instar 155.79 4 <0.001
Sex:Instar 9.12 4 0.058
Host:Fertilizer:Instar 13.09 4 0.011
Larval time glm Time ~ Host + Fertilizer + Sex Host LR x2 6.64 1 0.009  649.1 6559 669.1
Fertilizer 312 1 0.07
Sex 1429 1 <0.001
Pupal weight Imer Pupa ~ Host + Fertilizer + Sex + Host:Fertilizer Host F-value 527 1,86 0.024  937.6 939.9 1018.7
Fertilizer 121.71 1,86 <0.001
Sex 1.29 1,86 0.259
Host:Fertilizer 1449 1,86 <0.001




Literature cited

Aguilon DJD, Medina CD & Velasco LRI (2015). Effects of larval rearing temperature and
host plant condition on the development, survival, and coloration of african armyworm,
Spodoptera exempwWalker (Lepidoptera: Noctuidae)ournal of Environmental Science
and Management8: 54-60.

Ali JG & Agrawal AA (2012). Specialist versus generalist insect herbivores and plant defense.
Trends in Plant Sciencé7: 293-302.

Anato FM, Bokonon-Ganta AH, Gnanvossou D, Hanna R & Chang CL(2017). Assessment
of a liquid larval diet for rearin@acusspecies an@8actrocera dorsaligDiptera:
Tephritidae)Journal of Applied Entomolog$41: 860-865.

Awmack CS & Leather SR(2002). Host plant quality and fecundity in herbivorous insects.
Annual Review of Entomologd7: 817-844.

Ayre GL (1990). The response of flax to different populatttamsities of the redbacked
cutworm,Euxoa ochrogastefGuenée) (Lepidoptera: Noctuida€anadian
Entomologist122 21-28.

Bates D, Maechler M & Bolker B(2015). Fitting Linear Mixe¢Effects Models Usig Ime4.
Journal of Statistical Softwaré7: 1-48.

Beirne BP (1971). Pest insects of annual crop plants in Canada: part |, Lepidoptera; Il, Diptera;
lll, Coleoptera.The Memoirs of the Entomological Society of Cana@a& 1-124.

Beres BL, Dosdall LM, Weaver DK, Carcamo HA & Spaner DM (2011). Biology and
integrated management of wheat stem sawfly and the need for continuing research.

Canadian Entomologisi43 105125.

11C



Blade S, Warkentin T & Vandenberg A(2004). Cultlass field pe&anadian Journal of Plat
Science84: 533-534.

Bullock DG (1992). Crop RotatiorCritical Reviews in Plant Sciencekl: 309-326.

Byers J(1992). Difference in weight gain during final stadium of pale western and army
cutworms related to life history and crop damalgee Canadain Entomologistl24: 515
520.

Byers JR & Struble DL (1987). Monitoring population levels of 8 species of noctuids with sex
attractant traps in Southern Alberta, 190/G83: Specificity of attractants and effect of
target species abundan@anadian Entomalgist.119; 541-556.

Chen Y, Ruberson JR & Olson DM(2008). Nitrogen fertilization rate affects feeding, larval
performance, and oviposition preference of the beet armywS8pogoptera exigyan
cotton.Entomologia Experimentalis et Applicate26 244-255.

Chen YG, Olson DM & Ruberson JR(2010). Effects of nitrogen fertilization on tritrophic
interactionsArthropod-Plant Interactions4: 81-94.

Chen YZ, Lin L, Wang CW, Yeh CC & Hwang SY (2004). Response of twRieris
(Lepidoptera : Pieridae) spesito fertilization of a host plardoological StudiesA3:
778786.

Cheng H(1970). Characters for distinguishing the sex of pupae of thesitdekl cutworm,
Euxoa messori@Harris),(Lepidoptera: Noctuidaglanadian Journal of Zoology8:
587-588.

Coapio GG, CruzLopez L, Guerenstein P, Malo EA & Rojas JC(2018). Oviposition
preference and larval performance and behavidirichoplusia ni(Lepidoptera:

Noctuidae) on host and nonhost platgthropodPlant Interactions12: 267-276.

111



Dixit G, Praveen A, Tripathi T, Yadav VK & Verma PC (2017). Herbivoreesponsive cotton
phenolics and their impact on insect performance and biochendistmnal of Asia
Pacific Entomology20: 341-351.

Dosdall LM & Ulmer BJ (2004). Feeding, development, and oviposittbbertha armyworm
(Lepidoptera : Noctuidae) on different host plant spe&asironmental Entomologg3:
756-764.

Ellis A & Bowers MD (1998). Effects of hostplant species and artificial diet on growth of
buckeye Junonia coenipand painted ladyManesa cardu) caterpillars (Nymphalidae).
Journal of the Lepidopterists' Socieb2: 73-83.

Fantinou AA, Perdikis DC & Stamogiannis N(2008). Effect of larval crowding on the life
history traits ofSesamia nonagrioidgtepidoptera: NoctuidaeEuropean Jounal of
Entomology105 625-630.

Favaro R, Lupi D, Jucker C, Cappellozza S & Faccoli M2017). An artificial diet for rearing
three exotic longhorn beetles invasive to Eurd@héletin of Insectology70: 91-99.

Feeny P(1976). Plant apparency and chemialenseln: Biochemical interaction between
plants and insects. (ed. by. SpringedQLpp.

Floate KD (2017).Cutworm Pest of Crops on the Canadian Prairie: Indentification and
Management Field GuideAgriculture and AgrHFood Canada. Lethbridge, AB. §p.

Fox J & Weisberg S(2011).An R Companion to Applied Regressi®@age. Thousand Oaks,
CA. Second. pp.

Haggstrom H & Larsson S(1995). Slow larval growth on a suboptimal willow results in high

predation mortality in the leaf beetBalerucella lineta. Oecologia.104 308-315.

112



Han L, Li S, Liu P, Peng Y & Hou M (2012). New artificial diet for continuous rearing of
Chilo suppressali¢Lepidoptera: Crambidaeinnals of the Entomological Society of
America.105 253-258.

Hwang SY, Liu CH & Shen TC (2008). Effects of plant nutrient availability and host plant
species on the performance of tRieris butterflies (Lepidoptera : Pieridadiochemical
Systematics and Ecolog86: 505-513.

Jackson GD(2000). Effects of nitrogen and sulfur on canolad/@hd nutrient uptake.
Agronomy Journal92: 644-649.

Jacobson LA(1970). Laboratory ecology of redbacked cutwoEuxoa ochrogaster
(Lepidoptera: NoctuidaeCanadian Entomologisi.02 85-89.

Jacobson LA(1971). The Pale western cutworAgrotis orthogora (Lepidoptera: Noctuidae):
A review of researclQuaestiones Entomologicaé.414436.

Kogan M (1998). Integrated Pest Management: Historical perspectives and contemporary
developmentsAnnual Review of Entomologd3: 243-270.

Lafontaine JD (1987).TheMoths of America north of Mexico. Fascicle 27.2. Noctuoidea,
Noctuidae (part), Noctuinae (parteuxoa). In: Domonick RB, edhe Wedge
Entomological Research Foundation. Washinton, DC. 237 pp.

Lafontaine JD (2004).The Moths of North America includingé€znland. Fascicle 27.1
Noctuoidea, Noctuidae (part): Noctuinae (pasgrotini). In: Hodges RW, ed he
Wedge Entomological Reseach Foundation. Washington, DC. 385 pp.

Leather SR, Beare JA, Cooke RCA & Fellowes MDHK1998). Are differences in life histpr
parameters of the pine beauty mB#mnolis flammeanodified by host plant quality or

genderEntomologia Experimentalis et Applica&Z: 237-243.

11¢



Lenth RV & Hervé M (2015). Ismeans: LeaSilquares Means. R package version 2.17.

Retrieved fromhttp://CRAN.Rproject.org/package=Ismeans

Liu Z, Scheirs J & Heckel DG (2012). Tradeoffs of host use between generalist and specialist
Helicoverpasibling species: adult oviposition and larval performa@mecologia.168
459469.

LépezBellido L, Fuentes M, Castillo J, LopezGarrido F & Ferndndez E (1996). Longterm
tillage, crop rotation, and nitrogen fertilizer effects on wheat yield under rainfed
Mediterranean conditiongd\gronomy Journal88: 783-791.

Mattson WJ (1980). Herbivory in relation to plant nitrogeontent Annual Review of Ecology
and Systematicd.l: 119-161.

Peterson SS, Scriber J & Coors JG1988). Silica, cellulose and their interactive effects on the
feeding performance of the southermgworm, Spodoptera eridaniéCramer)
(Lepidoptera: NoctuidaeJournal of the Kansas Entomological Socidy9-177.

Pinheiro J, Bates D, Debroy S, Sarkar D & R Core Teani2014). nlme: Linear and Nonlinear

Mixed Effects Models. R package version-3117. Retrieved fromittp://CRAN.R

project.org/package=nime

Rao SM, Manimanjari D, Vanaja M, Rao RCA, Srinivas K, Rao VUM & Venkateswarlu B
(2012). Impact of elevated CO2 on tobacco caterplipgdoptera lituraon peanut,
Arachis hypogealournal of Insect Scienc&2: 1-10.

Razmjou J, Naseri B & Hemati SA(2014). Comparative performance of the cotton bollworm,
Helicoverpaarmigera(Hubner) (Lepidoptera: Noctuidae) on various host plaatistnal

of Pest Scienc&7: 29-37.

114


http://cran.r-project.org/package=lsmeans
http://cran.r-project.org/package=nlme
http://cran.r-project.org/package=nlme

Santos L & Shields EJ(1998). Temperature and diet effect on black cutworm (Lepidoptera:
Noctuidae) larval developmerournal of Economic Entomolog9l: 267-273.

Schoonhoven LM, Van Loon JJA & Dicke M(2005).Insectplant biology. Oxford University
Press. Oxford, UK. Ed. 2. 421 pp.

Scriber JM & Slansky F (1981). The nutritional ecology of immature inseétsnual Review of
Entomology26: 183211.

Shennan C(2008). Biotic interactions, ecological knowledge and agricultihdosophical
Transactions of the Royal SocietyBi®logical Sciences363 717-739.

Silva DMD, Bueno ADF, Stecca CDS, Andrade K, Neves PMOJ & Oliveira MCND2017).
Biology of Spodoptera eridaniandSpodoptera cosmioid€sepidoptera: Noctuidae) on
different host plant$=lorida Entomologist100 752760.

Slansky F, Jr. & Scriber JM (1985). Food consumption and utilization. Comprehensive
insect physiology, biochemistry aptiarmacology. Volume 4. Regulation, digestion,
nutrition, excretion. (ed. by Kerkut GA & Gilbert LI). Pergamon Press. Oxford, UK. 87
163 pp.

Strickland EH (1923). Biological notes on parasites of prairie cutworms. Department of
Agriculture. Ottawa, Canad Bulletin New Series: 26. 40 pp.

Stringam GR, Degenhardt DF, Thiagarajah MR & Bansal VK (1999). Q2 summer rape.
Canadian Journal of Plant Scienc&: 597-598.

Uesugi A(2015). The slowgrowth highmortality hypothesis: direct experimental support in a
leafmining fly.Ecological Entomology40: 221-228.

Underwood N (2010). Density dependence in insect performance within individual plants:

induced resistance ®podoptera exigua tomato.Oikos.119 19931999.

11¢



Vankosky MA, Carcamo HA, Catton HA, Costamaga AC & De Clerck-Floate R (2017).
Impacts of the agricultural transformation of the Canadian Prairies on grassland
arthropodsCanadian Entomologisi.49 718 735.

Venables WN & Ripley BD(2002).Modern Applied Statistics with Springer. New York,
USA. Fourth. 495 pp.

W.C.C.P.2016. Minutes of the Western Forum for Pest Management Annual Meeting. Western
Forum for Pest Management Annual Meeting. October 20 2015. Sandman Hotel,
Abbotsford, British ColumbiaRetrived from:

http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minute

s%200ct%2022%202015.pdccessed July 08, 2018. pp/Q.

W.C.C.P.2016. Minutes of the Western Foruor Pest Management Annual Meeting. Western
Forum for Pest Management Annual Meeting. October 20 2016. Wanuskewin Heritage
Park, Saskatoon, SK, Cana&etrived from:

http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minute

$%200c¢t%202016.pdaccessed July 08, 2018. pp/ L

Weeraddana CDS & Evenden ML(2018). Canola nutrition and variety affect oviposition and
offspring performance irhe generalist herbivor&amestra configuratéLepidoptera:
Noctuidae).Journal of Economic Entomology11 17021710.

Wright RJ (1984). Evaluation of crepotation for control of colorado potato beetles
(Coleoptera: Chrysomelidae) in commercial potato fields on dskagd.Journal of

Economic Entomology.7: 12541259.

11€


http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minutes%20Oct%2022%202015.pdf
http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minutes%20Oct%2022%202015.pdf
http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minutes%20Oct%202016.pdf
http://www.westernforum.org/Documents/WCCP/WCCP%20Minutes/WCCP%20Minutes%20Oct%202016.pdf

Chapter 4: Development of a general food bait lure flomonitoring cutworm and

armyworm moths (Lepidoptera: Noctuidae) in the Canadian Prairies

Abstract

Cutworms and armyworms (Lepidoptera: Noctuidae) are a pest complex native to North America
that affect multiple annual crops grown across the Can&deines. Outbreak infestations result

in destruction of entire fields and yield loss, however, no methods reliably monitor population
densities. Foodbased semiochemicals tcomtor multiple cutworm specigmssess an

advantage over segheromone luressdhey attract both male and female motise microbial

volatile organic compounds acetic acid anch&thyl1-butanol (AAMB) attract adult moths of

several noctuid pests, however, AAMB caught few cutworm motpsewviousfield experiments
conducted in Alberta. The objective of this stugljo enhance the attractiveness of food bait

lures to attract and monitor redbacked cutworm, the most common cutworm pest in the Canadian
Prairie Provinces. In an effort to enhance tlieetveness of AAMB luresl test 1) different

release rates of AAMB released from different devices; and 2) the addition of othdyafeed
semochemicals to the AAMB lureg.also evaluate the attractiveness of volatile compounds
released from Canadhistle as a potential lure to monitor noctuid pest&l 4) the influence of

moth physiological state on the response to foasked semiochemicals. Results focus on food

bait lure development to efficiently monitor multiple cutworm moth species withgiedure

and, with &ss native pollinator bgatch that occurs in sex pheromdyagted traps.



Introduction

The Canadian Prairies is a grassland ecosystem that has been highly modified by humans
to support livestock production and crop cultivat{®hmorthouse, 2010ppring-sown annual
crops and perennial forage under intensive farming practm®aate the agroecosystems in the
Canadian Prairiesnd thereforeghese ecosystenase in a constant state of disturbance on an
annual basig¢vVankosky et al., 2017)Agronomic practice have a strong impact on insect
community structureand variation in population density of certain herbivores may increase crop
vulnerability to pest outbreakShennan, 2008)ntegrated Pest Management (IPM) programs
bring an applied ecological approach to study and monitor crop pest complexes in order to
prevent them from reaching economic injury levels. The foundation for any IPM program is to
implement efficient sampling tools to detect changes in population densities of multiple pests
(Kogan, 1998)

Cutworms and armyworms (LepidopteNoctuida) are part of @est complex native to
North America that can cause economic damage to multiple annual crops grown across the
Canadian Prairie@Beirne, 1971, Floate, 201 Both larvae and adults are generalist herbivores
on a wide range of hosts in several different plant famiBesrne, 1971)Adult cutwormsand
armyworms are large, robuisbdied moths that are able to disperse over long distéodeeil,
1987, Showers et al., 1989, Hendrix Il and Showers, 19%2yal feeding at low population
densities results in crop thinning, however, outbreaks can cause complete destruction of fields
and yield los¢Beirne, 1971)Sporadic outbreaks have been reported for several species,
including the army cutwornHuxoa auxiliarisGrote)(Byers et al., 1993pertha armyworm
(Mamestra configurat&Valker) (Mason et al., 1998}he true armywormMythimna unipuncta

[Haworth]) (Guppy, 1961and the glassy cutworm\pamea devastat¢Brace]) (Dosdall et al.,
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2000) Within these agroecosystems, the redbacked cutwEurgaochrogaste(Guenée), and
the pale western cutworrAgrotis orthogoniavorrison, are the most common species with
localized outbreaks across the Canadian Prairie Provinces in canola and cerds{ «Zop<.,
2015, W.C.C.P., 2016)nfestation by two or more species mayamzur in the same fieltAyre
and Lamb, 1990)Systematic monitoring afutworm and armyworm populations in high and
low population phasds needed to detect and predcipulation surges.

Femaleproduced sex pheromones have been identified for mbogbom and
armyworm pest speciésund in the Canadian Prairi€Steck et al., 1982bMonitoring
programs using synthetic sex pherombiaged traps were implemented across the Prairie
Provinces in the 1980s; however, these programs were not widely adopted becausgpmoth
catchdid not reflect crop damag8yers and Struble, 1987, Ayre and Lamb, 19%@)thermore,
pherononebased monitoring programs require individual traps for each species, which makes
monitoring several pests coshbly increasing the time spent to check traps and identify moth trap
catch Lastly, there is evidence for pollinator-bgtch in lepidopterasexpheromone baited
traps(Gross and Carpenter, 1991, Mori and Evenden, 2013, Spears et al.,T2@&t6)are no
reliable tools to monitor variation in density of most cutworm pest epégithe Prairie
Provinces.

Although multiple cues mediate plainsect interactions, olfaction is perhaps the primary
mechanism moths employ for host selec(gisser, 1988, Davis and Landolt, 2018utworm
and armyworm moths, like many Lepidoptera, use host plant volatiles for orientation towards
food sourcesand females may also use these volatiles to select ovipositiofSsitesonhoven
et al., 2005)Furthermore, insects are sensitive to cues produced by microbes associated with

their food souces and oviposition sites, referred to as microbial volatile organic compounds
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(MVOC) (Dauvis et al., 2013)Microbes present in floral nectars and fruits produce MVOCs,
which in combination with floral volatiles, can act synergistically to attract lepidopteran
herbivores to their hos{slerrera et al., 2008for example, the chemical mixture of acetic acid,
a by-product from fermented sugar, and phenylacetaldehyde, a floral volatile sattract

noctuid moths (Lepidoptera: Noctuidae), the alfalfa loofpatargrapha californica(Speyer),

and the armywornspodoptera albul@Walker) to baited trapd.andolt et al., 2013)The

MVOC hypothesis states that microbial emissions serve as semiochemicals that provide cues
regarding suitability and nutritional quality of hogBavis et al., 2013)

Foodbased semiochemicals could monitor multiple cutworm and armyworm species
using a single lure, as these cues attract both sexes of (doyhs and Lingren, 1998)verall,
food-based semiochemicals are classified into three groups: host plant volatiles, floral volatiles
and MVOCs from fermented sugar. Few host plant volatile lures are commercially available to
monitor moth pest flight activity or for pest controlatiractandkill formulations(Light et al.,

2001, Gregg et al., 201Mlost plant volatilesnay not be important cues fgeneralist pests like
the redbacked cutworm or the pale western cutworm, as females of both species oviposit in
loosedry soil under crop stubble or in fallow fields rather than on live plant ma(8e#ine,
1971) Lures baited withlbral volatiles from seveat plants visited by noctuid moths as adult
food sources have been used to monitor populations in field experif@antglo and Jacobson,
1979, Lanadlt and Smithhisler, 2003J-or instance, traps baited with phenylacetaldehyde
captured soybean looper mot@rysodeixis includen@Valker) (Lepidoptera: Noctuidae), in
cotton fields(Meagher Jr, 201a) Likewise, traps baited with the floral blend of the butterfly
bush Buddleja davidiiFranch) (Loganiaceae) captured high numbers of the cabbage looper,

Trichoplusia ni(Htbner) (Lepidoptera: Noctuidae), and alfalfa looper m@@sdot et al.,
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2008) Floral volatile baited traps, however, result in high pollinatecétgh and have not been
adopted commercially to monitor noctuid mof{Meagher Jr and Mitchell, 1999, Landoltadt,
2007)

Fermented sugar baits were some of the first-4oaskd semiochemicals used to monitor
diversity of LepidoptergUtrio and Eriksson, 1977Noctuidae, Geometridae, Tortricidae and
Pyralidae are the major lepidopteran families attracted to these typesq{Eb&ayed et al.,

2005) The most comwn MVOCs produced from fermented sugar baits are acetic acid, isoamyl
alcohol (3methyt1-butanol) and isobutanol {@&ethyt1-propanol)(El-Sayed et al., 2005, Davis

et al., 2013)Foodbased semiochemical lures basedh@se volatile compounds attract both
sexes of many species of noctuid mdfhéth et al., 2010)

The chemical mixture cdcetic acid and-&nethyt1l-butanol (AAMB) is attractive to
several noctuid pests in multiple cropping systems, including the bertha army\ardolt,
2000) the true armywornfLandolt and Higbee, 2002nd the redbacked cutworfibandolt et
al., 2007) Preliminary field experiments with AAMB lures in Alberta, however, hadtlay
catchof target pest noctuidsinpublished data).

The objective of this study is to develop a fdmbsed semiochemical lure to monitor the
cutworm and armyworm pest complex in the Canadian Prairie agroecosystems. Our a@pproach
to enhance the attractiveness of AAMB lures to the mamsimon cutworm species across the
prairies, the redbacked cutworm, in can®@eaSsica napus.) (Brassicaceae) and wheat
(Triticum aestivuni.) (Poaceae) fields in Alberta. Fir$tdetermined the attractiveness of
AAMB baited traps compared to baited taps and sex pheromabaited traps. Secontiested
the attractiveness of AAMB lures at different release rates when it was released from different

devices. Third| measured the attraction of the AAMB lure in combination with additional-food
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based semiochemicals. Fourtkevaluated the potential of the floral blend released by Canada
thistle Cirsium arvensé..) (Asteraceae) at different doses to attract the redbacked cutworm.
Lastly, electrophysiological studies on the redbacked cutworm weth conductetb
understandhe influence omoth physiological statenresponse to foectased semiochemicals.

To develop a successful IPM program for cutworm and armyworm pests in the Canadian
Prairies, a monitoring system is required. This tool shownitor populations of multiple pest
species with a single trap and lure and have minimal impact on native pollinators. Cutworms and
armyworms are a good system to understand behavioural responses of generalist herbivores to

food-based semiochemicals froan ecological perspective.

Material sand Methods
StudyArea

A series of experiments to develop feoased monitoring tools for cutworms and
armyworms were conducted between 2014 and 2016 in wheat and canola fields located in the
Aspen Parkland Ecoregiof Alberta, Canada. The landscape in this region is characterised by
extensive agricultural plains with discontinuous clusters of trembling aBogul(s tremuloides
Michx) (Salicaceae) and balsam popRr palsamiferd..) trees(Shorthouse, 20105even sites
were selectetbr moth monitoring across central Alberta, dispersed over an area of
approximately 7 350 km2 throughout five counti€alfle 42). Sites were separated by at least
20 km from other experimental sites. Each site consisted of a canola field paired Wwehta w
field, separated by at least 500 m. All experiments were conducted at the same seven sites each
year. Due to crop rotation practices, a canola field in the first year was rotated to wheat in the

second year and back to canola in the third year.
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Lures

Two types of lures targeting cutworm and armyworm moths were used in all
experiments: synthetic sex pheromone lures and custade fooebased semiochemicals. Sex
pheromone lures targeting different species of cutworm and armyworm moths were used in
different experimentsT@able 43). Sex pheromone blends for each of the target species were
prepared and loaded onto fetracted red rubber septa; prepared by Contech Enterprise Inc.
(Delta, BC). Food bait lures were prepared in the laboratory, follothimgnethods ofandolt et
al. (2007) The AAMB lure consisted of acetic acid anth@thyt1-butanol in a 50:50 by weight
mixture [glacial acetic acid (99.7% purity) Fisher Scientific, Fair Lawn, Nagtyl1-butanol
(98.5% purity) Sigma Aldrich, St. Louis, MO]. The AAMB chemical mixtureswlgspensed into
a 15 mL narrowmouth Nalgene HDPE bottle (Thermo Scientific, Rochester, NY) with two
cotton balls inserted at the bottom. Each bottle received 10 mL of AAMB chemical mixture. A
3.0 mm diameter hole drilled in the centre of the bottle dapvad for release of volatiles.
Monitoring and moth identification

Non-saturating green universal moth traps (Unitrap, Contech Enterprise Inc. Delta, BC)
were employed in all experiments. Traps were positioned 1.5 m above ground, spaced 25 m apart
in alinear transect positioned approximately 5 m from the field edge. Unitraps were baited with
either a sex pheromone or a food bait lure. Sex pheromone lures were placed inside baskets
positional under the roof of the unitrapnd were replaced every four @kes. Food bait lures
were secured to the inside wall of the unitrap buckets with atiwiahd were replaced every
two weeksbased orthe methods ofandolt et al. (2007)An insecticidal strip of Hercon
Vaportape 1l (10% dichlorvos) (Hercon Environmental. Emigsville, PA) iexsed inside the

bucket of each trap to kill captured insects. Insecticidal strips were replaced every four weeks.
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Insecttrap catchwas collected every week in plastic bags, labelled and frozeRGHC
until it was sorted and identified. In the labiorg, mothtrap catchand Hymenoptera bgatch
were separated from other arthropods. Moths were separated by sex and pinned. If noctuid moths
were in poor condition (i.e. no scales on wings or missing body parts), genitalic dissections were
performed follaving the methods bidardwick (1950) To dissect the genitalia, abdomens were
removed from moths and immersed in 1 mL potassium hydroxide solution (10 % KOH w/v)
(Biosev, Frenchtown, NJ) in 1.8 mL glass vials (Fishee&dic, Fair Lawn, NJ) for 48 hours to
dissolve organs and fatty tissue. Moth genitalia were spread and mounted on cardsto0oky(2.0
cm) with Euparal mounting medium (Bioquip Products Inc. Rancho Dominguez, CA). Moths
were identified to species througling maculation and/or morphological characters of genitalia
foll owing taxonomisof kAsmmerfcamNadhk ™Mbt NMexi cobo
(Lafontaine, 1987, 1998, 2004, Lafontaine and Robert, 1991, Mikkola et al., 2009)
Identifications were verified using comparisons with reference collections at the E. H. Strickland
Entomological Museum (University of Alberta, Edmonton, AB).

Hymenoptera bycatch was categorized into two guid) pollinators, which grouped
honeybeesApis melliferal..) (Apidae), bumblebee8bmbusspp.) (Apidae) and leafutter bees
(Megachilidae); and 2) vespids (Vespidae), which grouped thefhadd hornet
(Dolichovespula maculath.), the blackjacket\(espula consobrin&aussure) and the common
aerial yellowjacket. arenariaFabricius).

Pinned moths ithe best conditions and mounted genitalia dissections from each
identified species were selected as voucher specimens and depositdefl &t.tBérickland

Entomological MuseumDepartment of Biological Sciences, University of Alberta, Edmonton.
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Experiment 1i Food bait(AAMB) lures

Experiment 1 evaluated the efficiency of the AAMB lure to monitor the flight activity
and abundance of several cutworm anmayworm species. The number of redbacked cutworm
(RBC), bertha armyworm (BAW), true armywormAW) and army cutworm (ACW) captured
in AAMB -baited traps was compared to capture in the respective sex pherbai@uoketrap and
in the unbaited control trap.

Unitraps were baited with either: RBC pheromone, BAW pheromibA¥/ pheromone,
ACW pheromone, AAMB lure or left unbaited@dble 43). The six baited traps were positioned
in a linear transect, as described above, in random order in both canola andeM®at €ach
of the seven site3he experiment was conducted from 10 June to 10 October 3614.
pheromonebaited traps were deployed in the field according to the flight period of the target
moth speciesTiable 43), while the AAMB- andunbaitedtrapsremained in the field throughout
the 17week sampling period. The target moths: redbacked cutworm, bertha armyworm, true
armyworm and army cutworm were identified to species argr attworm and armyworm
speciesver e grouped as fethemMhroctwmad npagt capeaai e
considered as netarget Lepidoptera.

Statistical analyses were conducted on the total number of moths captured per baited trap
over the sampling seasdfirst, individual analyses on the total number of target mmabtured
in the AAMB-baited traps was compared to that inahbaitedraps and the respective sex
pheromonebaited traps. To determine the response of the other noctuid pest species to AAMB
lures, a separate analysis comparaptureof all sexpheromone AAMB - and unbaited traps

Lastly, the response of hymenopterans to lures targeting cutwotins was analysed with
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individual tests conducted on pollinators and vespids that compared the total number captured in
the differently baited traps.

For all analyses in Experiment 1, crop and lure type were specified as explanatory fixed
variables and site as a random block fafiable 41).
Experiment 2i Effect of release rate of food bait (AAMB) lures

A second experiment tested the attractivené€#s\dB lure at different releasmtes to
the most abundant cutworm species determined in Experiment 1, the redbacked cutworm moth
(RBC). Ten milliliters of the AAMB chemical mixture were loaded in Nalgene HDPE bottle, as
previously describedRelease rateasmanipulated by the diameter of holes drilled in the center
of the bottle cap. Three releasses were tested: low (1.0 mm), standard (3.0 mm), and high (5.0
mm). Capture of RBC moths in traps baited with AAMB at different release rates was compared
to that inunbaitedcontrol trapsThe four traps were positioned in a linear transect in random
order in both canola and wheat fields at each of the seven sitesxJdémement was conducted
from 10 June to 02 October, 20MAMB lures were weighed to theearest 0.001 g (Balance
model: XS105 DualRange, Mettler Toledmfore and after deployment in the fiétdestimate
differences in release rates among treatmdiis difference in weight (mg) was divided by the
period lures were out in the field (14 dayo calculate an average release rate per day (mg/day).
The difference in release rat@mong the lures was comlmed with dinear mixed model
(Gaussian distribution) with t hellfPRinmgrdet c o mman
al., 2014) The average release rate per day (mg/day) was square root transformed for normality
and crop and releasate treatments were specified as explanatory fixed variables, and site as

random block factor in the modelndividual analyses were performed after each lure retrieval.
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Moth trap catch in traps baited with the different relaase treatments over the-i@ek
trapping period was analysed in two separate analyses, on the total noctutchmotichand
the btal RBC capturedCrop, moth sex and releasse treatment were specified as explanatory
fixed variables and site was considered a random f@Cédnle 41).

Experiment 3i Effect of release device of food b§AAMB) lures

Experiment 3 tested the atttaveness of the AAMB emitted from different release
devices on RBC captur&eleasalevice treatments included 10 mL of AAMB loaded into: 1) a
Nalgene HDPE bottle, as previously described, with a 3.0 mm diameter hole in the bottle cap
secured within thenitrap bucket. 2) a polyethylene bag (12.5.0 cm) (Contech Enterprise Inc,
Delta, BC) with cellulose sponge (16.@.5 cm) (Contech Enterprise Inc, Delta, BC). Bags
were hotsealed with an impulse sealer (Midwest Pacific, Taiveana) hung from the ceert of
the unitrap lid. A third treatment consisted of a 10 g droplet of an inert m@piaé , prepared
by ISCA Technologies Inc. (Riverside, CA) loaded with AAMB (1:1 w:w), secured to the inside
of the unitrap baskets. An unbaited trap served as aotohte four traps were positioned in a
linear transect in random ordemly on canola fieldat each of the seven sitd$ie experiment
was conducted during the peak flight period of RBC, fi@®ugust to 15 September, 2014l
release devices were replaced every two weeks.

Following moth identificationtrap catcHrom releasealevice treatments was summed
over the 4week trapping period. The total number of noctuid moths and total number of RBC
moths captured in the varidysaited traps were compared to test the attraction of AAMB
released from different devicedoth sex and releas#gevice treatment were specified as

explanatory fixed variables and site as random f4Giaile 41).



Experiment 4i Augmentation of AAMB lures with additional foodbasedsemiochemicals

Experiment 4 evaluated the addition of other fbaded semiochemicals to enhance the
attraction of the AAMB (acetic acid +@ethyl1-butanol) lureéo RBC The tested cheicals
were an alcohol from fermented sugar baHpbgducts, 2methyt1-propanol (MP) (> 99%
purity) (Acros Organics, Fair Lawn, NJ), and a floral volatile, phenylacetaldehyde (PAA) (>
98% purity) (Acros Organics, Fair Lawn, NJ). Traps were baited witiMBAlone,
AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap served as control. All lures
were prepared in the laboratory in equal proportions by weight mixture. Ten millilitres of the
chemical mixtures were loaded in Nalgene HDPE bottle, as previoestyilded, with a 3.0 mm
diameter hole in the bottle cap for release of the volatile chemical mixture. Bottles were secured
to the inside wall of the unitrap bucket with a twtistand were replaced every two weeks. In
addition to the different food baitiles, sex pheromos®aited traps targeting RBC, bertha
armyworm (BAW), pale western cutworm (PWC) and true armywdrA\) were deployed to
ensure target moths were present in the field at the time of the experliaklet 43). The nine
baited traps weregsitioned in a linear transect in random order in both canola and wheat fields
at the seven site$he experiment was conducted from 22 June to 15 September 2015.

Following moth identification, trap catch of the target moth species in the sex
pheromonebaited traps was summed over thewi@ek trapping period and analysed
independently for each species. A separate analysis was conducted on the total number of RBC
that compared trap catch in the traps baited with the different food bai{Tatadse 41). Two
analyses compared the total number of pollinators and vespids captured in traps baited with the

various foodbait lures targeting cutwormoths(Table 41).
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Experiment 5i Canada thistle floralvolatiles

Experiment 5 tested the attractiveness of synthetic copies of Canada thistle floral volatiles
at different doses to attract RBC. The floral scent of the Canada thistle is a blend of aromatic
aldehydes and alcohdl'éble 44). Treatments included traps badtwith Canada thistle lures at
different doses (@3, 1., 2.¢¢ and 4.0) compared to phenylacetaldehyde aldPAA) andthe
unbaited contralrap (Table 44). The floral lures were dispensed in clear polyethylene bags (5.0
3 4.0 cm) with a piece of whatfelt (3.0° 2.5 cm), which was hot sealed with an impulse sealer.
Lures wereprepared by collaborators at New Zealand Institute of Plant and Food Research
(Chistchurch, New Zealandjloral lures were placed inside the unitrap baskets while the control
trap remain unbaited.o minimizeBombusspp. bycatch, the experiment was conducted from
02 August to 05 September 2016, when most bumblebee species have completed their life cycle
in Alberta, Canada.

Following moth identification, trap catch was summedagh trap type over thevieek
trapping periodThe total number of noctuid moths captured were compared to determine the
attraction to Canada thistle lure. A second analy@mspared the total number of RBC moths
captured in thelifferently floral baited trapsln both analyses, ath sex and the floral lure
treatments were specified as explanatory fixed variables and site was considered as a random
block factor(Table 41). Lastly,a separate analysis compared pollinatecatgch in the
variously baited traps to determine the attraction to Canada thistle lure at different doses. Floral
lure treatments were specified as explanatory fixed variables and site was considered as a

random block factofTable 41).



Experiment 6i Electrophysiologial response of RBC to food bait volatiles

The antennal response plasticity of RBC to feeding attractants volatiles was evaluated for
moths in different physiological conditions through electroantennogram recordings (EAG). The
sex and feeding status (stadvar fed) of RBC served as physiological treatments. Redbacked
cutworm moths were obtained from a laboratory colony maintained on aljais¢éal meridic diet
(Chapter 2) under contied conditions (Intellus Environmental Controller, Percival Scientific,
lowa, US) at 21C and a photo regime of 16:8 (light: dark). Recently eclosed moths were
housed individually in 2000 mL plastic containers with either water or 10% sugar solution.
Moths were separated by sex and housed in different growth chambers (Btefitgimental
Controller, Percival Scientific, lowa, US) to avoid exposure of the males to female sex
pheromone. Electroantennogram recordings were performdd® foale andLO female moths in
each feeding group (n = 10 per treatment combinatiElei:troantennogram recordings were
performed on RBC moths past thejorgposition periodMoths were 910 days old whe EAG
recordings were performed.

The feeding attractant volatiles presented to RBC antennae were acetic acid (AA) (99.7%
purity) (FisherFair Lawn, NJ), anethyt1-butanol (MB) (98.5% purity) (Sigma Aldrich, St.
Louis, MO) and phenylacetaldehyde (PAA) (98% purity) (Acros Organics, Fair Lawn, NJ). The
chemicals were serially diluted in HPLC grade hexane (Fisher, Fair Lawn, NJ) to obtain six
concentrations (eg/e¢elL): 0.001, O0.01, 0.1, 1.0
dispensed on a filter paper strip (8.2 cm) (Whatman® qualitative filter paper, Grade 1),
placed within a disposable Pasteur pipette (14.6 cm, Borosilicate Elaker, Fair Lawn, NJ),

and all owed to evaporate in the fume hood for
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common plant volatile H)-2-h e x e n a | (1 e€g/€l) (> 95% purity)
USA) were also dispensed on filter paper sttgpserve as control and standard, respectively.

The EAG system consists of an IDAI2 data acquisition controller system, a Syntech EAG
probe (Type PR&, internal gain 10X), and EAG 2000 software (Syntech, Hilversum, The
Netherlands). Moths were chilled 4°C for five minutes before the right antenna was excised
and attached to a stainlesteel antenna holder using Spectra 360 conductive gel (Parker
Laboratories, Orange, NJ, USA). Carbidtered and humidified air, from a Syntech -GS
stimulus contrtler, flowed at 50 ml/min over each mounted antenna. Stimulus puffs were
triggered by hand via the stimulus controller with pulse duration of 0.2 s and a flow of 10 ml/sec.
The three compounds were tested on each antenna in the same sequential ordlés: First
followed MB and PAA last. The stimuli were applied to each antenna once per minute in

ascending order of concentration, separated by the standard (i.e., hexane, plant volatile, 0.001

eg/elL tested compound, plant lvwmltatviollea,t i0.eQ1 Os
tested compound, plant volatil e, 1.0 eg/elL te
compound, plant volatile, 100.0 e€g/eL tested

every three hours.
Independent analyses meeconducted for each of the feeding attractant compounds tested.
EAG responses were natural logarithm transformed [In(x+1)] to meet assumptions of normality.
EAG responses were analysed in a linear mixed meidelrandom intercept and slope to
account fo the repeated measuresonthesameet h ant enna with the oI me
package OI7.MothGexvieedng dtatus addse of the stimulusere specified as

explanatory fixed variablgSable 41). Dose of the stimulugas also specifieds the random
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intercept and the antenna identification number was considered as the random Bloge] (~
AntennalD) (Table 41).
Statistical Analyses

For all field experiments, dateere tested for normality and heteroscedasticity using
visual techniques and the Shapitblks test. Generalized linear mixed models with Poisson
family distribution were used to analyizap catcltdata due to properties of count data, which
are bounded taero, and nomormality of error{Crawley, 2012)A negative binomial family
distributionwas specified in models, instead of Poisson, viregncatcltdata was ovedispersed
(Zuuretal.,,2009)Model s wer e fitted as thefixedicdmpanendoé | s 0

the models included the main effect of all relevant explanatory variables and all possible

interactions. Generalized linear mixed models were analysed withghe mer 6 command,

Poisson distribution, or 6gl mer.nb6 command,
package 617(Batds@taly, 2015)dr all statistical analyses, model simplification

was performed in stewisea posterioriprocedure by removing nesignificant interaction terms

and comparing nested models through Likelihoatib chisquare e st wnohad he 0a
command i n R p-#8@gdexaygseisberg 2001)he op8mabrodel was selected

using Akai keb6s information criterion (AIC).

at

andpval ues were obtained from the-O§réaodv ad f unct

Weisberg,2011) The 6Anovad function produces anal ysi

by 61 med, 6gl commadds.aMald dsguanm@ald.cihtests are calculated for

linear mixed models and Likelihoadtio chisquare (R c?) are calculated for generalized linear

mi xed models. Means comparison for all exper.i

0.05 wi h 01 s me ans §LeptraandkHerygee 20160 lIZtatisidal analyses were
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conducted using the freely available statist:i

(http://www.rstudio.com

Results
Experiment 1i Food bait(AAMB) lures

The RBC was the most abundant pesttuid species captured across all trapping sites.
Peak RBC flight actity occurred from 12 Augudb 10 Septembe2014 Eigure 41A). Baited
traps captured similar numbers of RBC moths in canola and wheat fields ¢a102; df = 1;

p = 0.154). Redbacked cutworm mathp catctdiffered by lure type (Wald? = 822.92; df = 2;

p <0.001). More RBC moths were captured in traps baited with the RBC pheromone lure than in
traps baited with AAMB or in unbaited traps. M&B8C moths were captured AAMB -baited

than unbaited trap$igure 41B). Although RBC pheromoreaited traps had high trap catch in
2014, infestations were not reported by the farmers in 2015.

Peak flight of BAW ranged from 30 June to 22 July, 2(Hidure 42A). Similar
numbers of BAW moths were captured in traps positioned in canola and wheat fields{wald
0.10; df = 1; p = 0.748). Bertha armyworm moths were only caught the BAW pherdraibee
trap, and no BAW were found in AAMB or the unbaited tcohtraps (Walct? =131.13; df=2; p
< 0.001) Figure 42B).

Only low numbers of TAW were captured at all sites, but more TAW were recovered
from traps in wheat than in canola fields (Wefd= 11.57; df = 1; p < 0.001). Lure type affected
the catch of AW (Wald c?=11.28; df = 2; p = 0.003), as traps baited with either pheromone or
AAMB similarly caught more TAW than unbaited trapsgure 43A). The TAW does not

overwinter in Canada and infestations result from immigrating moths in the early s(irietds
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and McNeil, 1984)The immigratingmoths mate and produces@nmergeneration in early

fall. There were two peaks of TAW captured in baited traps throughout the sEagoe ¢3B),
which suggests twflight periodsin the Canadian Prairies. Interestingly, TAW moths responded
differently to the tested lures depending on the generation of moth. Immigrating moths were
attracted to pheromodmaited traps in early summer, whdgmmergeneration moths were
attracted to AMB lure-baited traps in early fall.

No ACW were found in AAMB or unbaited traps, and the ACW pherontiamed traps
caught extremely low numbersi(¥ at three sites throughout the trapping period). There was no
difference in ACWtrap catchin the variasly baited traps.

Only eleven percent of moth trap catch in the AAM&ted traps consisted of the target
moth species, while approximately 30 % consisted of other cutworm and armyworm species
(Table 45). This group of other noctuid pest species occurrddgher numbers in the AAMB
baited traps than in the unbaited control traps or traps baited with sex pheromone of the target
species, wth the exception of the TAW se@heromone traprigure 44) (Waldc? = 175.10; df =
5; p <0.001)Trap catchin the ACW sex pheromonbaited traps was dominated by ora
targetspecies, the clover cutworrArfarta trifolii [Hugnagel]). Abundant pest species in the
AAMB lure-baited traps were strawberry cutworAn{phipoea interoceanicamith), dingy
cutworm feltia jacdifera [Guenée]) and the glassy cutworAp@mea devastatgBrace]).

Baited traps captured the highest number of pollinators in early summer, from 10 June to
15 July, 2014Kigure 45A). A similar number of pollinators was captured in baited traps in

canda and wheat fields (Wald? = 3.04; df = 1; p = 0.081), however, lure type significantly

influenced pollinator bycatch (Waldc? = 40.76; df = 4; p < 0.001). More pollinators were
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captured in the various sex pheromdragted traps compared to AAMB lurand unbaited traps
(Figure 45B).
Traps captured the highest number of vespids insuidmer, from 15 July to 10

SeptemberRigure 46A). Vespids were found in equal numbers in battags in canola and
wheat fields (Waldt? = 1.63; df = 1; p = 0.200). Vp&l by-catch was influenced by lure type
(Wald c? = 40.76; df = 4; p < 0.001). In contrast to the pollinator response to lures, vespid wasps
were attracted to AAMB lurbaited traps compared to the unbaited and sex phercbaiteel
traps Figure 46B).
Experiment 2i Effect of release rate of food bait (AAMB) lures

The average release rate (mg/day) fluctuated with treatment across dates. This fluctuation
across dates can be attributed to the influence of weather throughout the sampling period. The
averageelease rate differed by treatment on each dateJUg4k 30= 69.84; 08Jul: R 30=
50.84; 22Jul: F, 30= 63.69; 05Aug: R 30=109.32; 18Aug: F30=113.25; 02Sep: K30=
45.39; 16Sep: K 30=20.11; 020ct: F, 30= 18.90) (for all dates:-palue < 0.001). The high
release rate AAMB lures had a higher average release rate than the standard or low release rate
AAMB lures (Figure 47). The standard AAMB lure had a higher average release rate than the
low release rate AMMB luréom 24 June to 18ugust howeverboth treatments hasjual
average release rates at the end of the séasur®2 September to 02 Octol@&igure 47).
The release rates did not differ by trap placement in either canola or wheat fields.

Overall, traps baited with AAMB lures at different releaates captured more noctuid

moths than unbaited traps. Furthermore, AAMB lures captured overall more noctuid moths in
wheat fields than in canola (Watd = 51.150; df = 1; p < 0.001); and a largember of male

noctuid moths were attracted to AAMB lures than females (Watd111.709; df = 1; p <
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0.001). The effect of the releasste treatment on noctuid moth trap catch depended on
interactions with moth sex (releasgte3 moth sex; Wald:? = 10.09; df = 3; pvalue = 0.01) and
crop (release ratecrop; Waldc? = 23.46; df = 3; p < 0.001). Male noctuid moths were captured
in similar numbers in traps baited with different relegse treatments in canola fields, whereas
low releaserate lures atacted more male noctuid moths than higlease rate lures in wheat
fields (Figure 48). In contrast, female noctuid moth capture did not differ with release rate
treatment in wheat fields, but more females were captured in traps baited with thedagh rel
rate lures in canola field&igure 48).

Traps baited with AAMB lures captured more RBC in wheat fields than canola ¢#/ald
=19.96; df = 1; p < 0.001); and more RBC females were attracted to AAMB lures than males
(Waldc?=18.67; df = 1; p < 0.0Q1Traps baited with AAMB lures captured more RBC moths
than unbaited trap@Vald c? = 30.827; df = 1; p < 0.001), however, RB®ths captured was
similar among traps baited with different release rates of AAMBuUfe 49).
Experiment 3i Effect of releag device of food batAAMB) lures

Overall, traps baited with AAMB lures in different release devices captured more noctuid

moths than unbaited traps. The effect of the release device on total noctuid moth trap catch was
dependent on moth sex (releaseice¥ moth sex; Wald? = 9.95; df = 3; p = 0.01). Traps
baited with Splat captured the highest number of male noctuid moths, while the polyethylene
bag and Nalgene bottle lures attracted a similar number of male noctuid Figthre ¢10).
Splat baited traps captured the highest number of female noctuid moths, followed by the
polyethylene badpaited traps and lastly traps baited Nalgene bottles Ikrgsré 410).

Male and female RBC were captured in similar numbers in traps baited with #remliff

release devices (Wakf = 2.94; df = 1; p = 0.08). Release device had a significant effect on
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RBC trap catch (Wald? = 30.827; df = 1; p < 0.001The traps baited with SpBatcaptured
significantlymore RBC compared to traps baitetihathe Nalgee bottles lures, while
polyethylene bagaptured RBC in similar numbershoth release devic€bigure 411).
Experiment 4i Augmentation of AAMB lures with additionaflood-based semiochemicals

True armyworm moths were not captured in the traps baited with sex pheromone, food bait
lures or in unbaited traps in Exp. 4, and thus, were considered absent from monitoring sites in
2015. Redbacked cutworm, BAW and PWC were captured in high numbeapsrbaited with
their respective segheromones in 201%{gure 412). More RBC and BAW were captured in
canola than wheat fieldRBC: Waldc? = 1038.5; df = 1; p < 0.001; BAW: Wakf = 170.8; df
= 1; p < 0.001)while similar numbers of PWC were captiiig both cropgWald c? = 0.38; df
=1;p=0.536)

The additional chemical compounds added to augment the AAMB lure had a significant
effect on RBC trap catofWald ¢ = 56.94; df = 4; p < 0.00L;and this response differed
between crops (food bait lutecrop, Waldc? = 10.74; df = 4; p = 0.0990verall, baited traps
captured more RBC than unbaited traps. All traps baited with the various food bait lures captured
a similar number of RBC inanola fields Figure 413). Converdy, traps baited with food bait
lures containing the additional alcohol captured more RBC than food bait lures with floral
volatiles in wheat fields. Traps baited with AAMB plusrizhtyt1-propanol (AAMB+MP) and
AAMB alone captured the highest numbers of RBC, followed by AAMB plus
phenylacetaldehyde (AAMB+PAA), and lastly tfoeir-componenfood bait lure
(AAMB+MP+PAA) (Figure 413).
Response of RBC moths to the different food bait lures also varied with matiocex

bait lure3 moth sex, Waldt? = 27.61; df = 4; p ©.001).Traps baited with the AAMB+MP



lures captured significantly more female RBC than traps baited wifouheomponenture
(AAMB+MP+PAA). Female RBC trap catch wantermediate in traps baitedth the AAMB
lure alone and AAMB+PAARigure 414). In contrast, male RBC capture was similar in traps
baited with AAMB alone, AAMB+MP and AAMB+MP+PAA lures. Traps baited with food bait
lures and floral volatiles, AAMB+PAA and theur-componenture, AAMB+MP+PAA, had
lower male RBC trap catch that did not differ from trap catch in the unbaited control traps
(Figure 414).

The additional chemical compounds also influenced hymenoptereattly. Moe
pollinators were captured lmaited traps positioned in candtan wheat fieldswald c? = 9.45;
df = 1; p = 0.002 Pollinator responsediffered with lure typgWald c? = 85.68; df = 8; p <
0.00)). More pollinators were captured in sex pherombaged traps compared to unbaited
traps and traps baited withod bait lures (AAMB alone and AAMB+MP). The addition of
phenylacetaldehyde to AAMB lures, however, attracted pollisatéraps baited with food bait
lures with the floral volatiles, AAMB+PAA and tHeur-componenture AAMB+MP+PAA, had
similar levels of hyrenopteran byatch to that of sex pheromaebaited trapsKigure 415).
Vespid wasps were found in equal numbers in baitgus in canola and wheat fields (Waft=
0.06; df = 1; p = 0.794). Vespid fmatch was influenced by lure type (Waftl= 542.0; d = 8; p
< 0.001). In contrast to the pollinator response, a higher number of vespids were captured in
traps baited wittiood bait lures alone and containing the additional alcohol from fermented by
products AAMB and AAMB+MP, than in traps witfood baitlures and floral volatiles
AAMB+PAA and thefour-componenture AAMB+MP+PAA (Figure 416). Sex pheromone

traps and unbaited traps had the lowest vespid wasgtof.
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Experiment 5i Canada thistle floral volatiles

More male noctuid moths were attractedCanada thistle lures than female mdiald c?
= 24.44; df = 1; ;< 0.001). Furthermore, the total number of noctuid moths captured varied by
dose of the Canada thistle volati{®¥ald c? = 196.36; df = 5; p < 0.001)More noctuid moths
were captureth traps béed with thehigh dose Canada thistle lures 2dnhd 4.0) than the low
dose lures (031land1.(?), phenylacetaldehyde (PAA) and the unbaited confiigufe 417).

Both male and female RBC moths were equally attracted to the Canada thistle lures
regardless of the dog&/ald c? = 1.40; df = 1; p = 0.236)Canada thistle lure dose had an effect
on RBCtrap catchWald c? = 57.90; df = 5; p < 0.0017 similar number oRBC moths were
captured in traps baited with Canada thistle lures at 2.(%, 4.3 and phenylacetaldehyde
alone, while trap catch in traps baited with Canadaléhistes at the lowest dose (9)was not
different from that in the unbaited tragsdure 418).

The Canada thistle lure experiment was conducted in the late summer to minimize
bumblebee byatch. A low number dBombusspp. was captured in all traps. The most abundant
pollinator bycatch in the Canada thistle Idbaited traps were honéges and their response
was dependent on lure dog®ald c? = 101.37; df = 5; p < 0.001Most honeybees were
captured in traps baited with the highest doses of the Canada thistle [&iran@.9.0),
followed by the standard concentration ¢).0Althoudh traps baited with phenylacetaldehyde
lures alone had the same concentration of phenylacetaldehyde ag tGa2a@a thistle lure,
they captured a low number of honey bees equéalatodf traps baited with the 8. Canada

thistle lure and the unbaited tragidure 419)



Experiment 6i Electrophysiological response of RBC to food bait volatiles
Feeding status did not influence EAG response of RBC moths to acetic agid (F
0.284, p = 0.597). Males had a highé&&response to acetic acid than females{E 4.71, p =
0.036). Dose had a strong effect on EAG responsgdE 562.62, p < 0.001). Responses to the
| ower doses of acetic acid (0.001, 0.01 and O
significantr esponses were elicited to the higher dos
the highest EAG responseFiguectPOA&B)ed by 10. 0 an
The influence of feeding status on EAG responsenetytl-butanol was dependent
on RBC sexfeeding® sex, k5= 6.52, pvalue = 0.015). There were no differences in EAG
response between fed or unfed male RBC, regardless of theFilgpise (420D). Fed female
RBC had higher EAG responses than unfed females, regardless of thEigose420C). Dose
had a strong effect on EAG responsg,ft= 346.94, p < 0.001), and this effect was dependent
on moth sex (dosesex, ks 210= 7.697, p < 0.001). Response to the lower doses (0.001, 0.01 and
0.1 e©€g/ L) were not di drdoses diciteéd atignbicant fesponsen e, wh
Femal e antennae had the highest response to t
e g/ Eigure@20C) . For male antennae, the 100.0 ¢€g/ ¢
response, foll owedebpohB6eOtegthk, 1b0 e€g/ eL do
(Figure 420D).
Dose had a strong effect on RBC EAG response to phenylacetaldebygde=(549.16;
p <0.001), and this effect was dependent on moth sex and feeding status (concérgeatfon
feeding, B 210= 2.25, p = 0.039). There were no differences in EAG response to the floral
volatile between fed or unfed RBC, regardless of the dégere 420F). In contrast, fed

females had a higher EAG response than unfed females only at tle §0.0e L Fiduoeste (
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20E). Moth antennae detected phenylacetaldehyde at lower doses, compared to acetic acid and 3
methytl-but anol . Only response to the 0.001 g/ ¢lL
females (Figure 24 E), while responsetodosesdd® 1 and 0. 01 eg/ elL were
hexane for males (Figure 24 F). There was a significant dose response with the highest EAG
response to 100.0 eg/eL, foll owkRgdre#2Eahd . 0 € g/

F).

Discussion

This researic explores the development of a general food bait lure to monitor the
cutworm and armyworm pest complex witkiagle trap baited with single lure in canola and
wheat fields in the Canadian Prairies. Field experiments were conducted in canola and wheat
fields to evaluate the AAMB lure, a food bait based on microbial volatile compounds from by
products of fermented sugar baits, developetdndolt (2000) As expected, traps baited with
sex pheromone lures captured a larger numbergétmoths than anyfdhe food bait lures
tested. The most abundant pest species were the redbacked cutworm (RBC) followed by the
bertha armyworm (BAW) in 2014 and 2015, and the pale western cutworm (PWC) in 2015. True
armyworm moths (TAW) wereaptured in low numbers in 20bdit were absenh 2015.
Although sex pheromones had a high moth trap catch of RBC, BAW and PWC throughout the
field season, farmers did not report cutworm damage in 2015 and 2016. Noctuid moths are
strong flyers and may be attracted to sex pherorbaited traps over long distances, and thus,
moth trap catch may not reflect the local population den&dyotis orthogoniamale moths
showed a maximum flight distance 24 km in flight mill experiments, whereas female moths

flew 5 km(Jacobson, 1965Males noctuid mothcan disperse over longer distast¢lan
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femalegto find amate. For instance, markcapture experiments with sex pheromone baited
traps of the tobacco budworireliothis virescengFabricious) (Lepidoptera: Noctuidae),
showed that mothsan disperse up to 30 km from the release g&ahneider, 1999)
Furthermore, sex pheromones attract male moths only, and thus, monitoring results may not be
representative of female density. Redbacked cutworm moth trap catch in sex phepaiteahe
traps showed no relationship with larval densities in alfalfa fields in Manitoba, Céaéaand
Lamb, 1990)

Although food baits had a lower mdtiap catclthan sex pheromone, AAMB lure
attracted several cutworm and armyworm species, including the target species RBC and TAW.
Pale western cutworm (PWC) and BAW moths were not captured in AAMB lure baited traps.
Army cutworm (ACW) attraction to AAMB lures coulibt be determined since this species was
not present at monitoring sites in 2014. It remains to be tested if numbers of target moth species
captured in AAMBbaited traps represent local population densities.

Traps baited with the AAMB lure captured RB@dughout its flight period. The peak
flight activity of the RBC recorded from traps baited with AAMB lures followed the same
pattern as trap catch in the sex pheromoaiéed traps, and thus, the AAMB lure is a potential
tool for monitoring the flight actity of RBC moths. For TAW, however, only tls@mmer
generation moths can be monitored with traps baited with the AAMB lure. Moths from the
immigratinggeneration were captured in sex pheromone but not AAMBHarted traps, while
summergeneration TAW wre attracted to the AAMB lure but not sex pheromone lures.
Differences in response to sex pheromone lures between TAW generations has been observed in
field experimentgMcNeil, 1987) in which immigrating moths were captured in segnpimone

baited and light traps in early summer, wisleBnmergeneration moths were captured only in
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light traps in early fall but not in pheromone traps. Sexual maturation suthmergeneration
moths is delayed under shaldy and lowtemperature conddns of early fal(Delisle and
McNeil, 1987) These cues induce physiological and behavioural changesimergeneration
moths to undertake a southern migration from deteriorating habitats in northern latitudes
(McNeil, 1987) and therefore, male moths do nespond to sex pheromone lures.

True armyworm may have a plasticity in response to-tmeskd semiochemicals between
generations. Variation in attraction to semiochemicals by insects in different insect physiological
states has been reported in severahmspecies. Fonstance, the response of fem@kdoptilia
fraxinella (Ely) (Lepidoptera: Gracillaridae) moths, to host plant volatiles is higher when they
are reproductively active than when females are in reproductive diajhzmsmenLechelt et
al., 2018) Similarly, females of the cotton leafworm mo8podoptera littoraligBoisduval)
(Lepdipotera: Noctuidae), are attracted to host plargtives more than to floral volatiles after
mating(Saveer et al., 2012The immigratinggeneration of TAW may respond to cues for mate
finding or oviposition host selection in early summer, whilesiimergeneration moths may
have a higher response to felbdsed semiochemicals to locate food resources prior to southern
migration.

In an attempt to enhance the attractiveness of the AAMB lure to target noctuid species,
especially RBC, different AAMB release rates and releaseeewere tested. Differences in
response between male and female noctuid moths to varying release rates depended on the crops
where traps were deployed. It is possible that variation in response is influenced by host plant
volatiles from crops in the bagkound where baited traps were positioned. The response of
diamondback moth#$lutella xylostellal. (Lepidoptera: Plutellidae), to sex pheromdraated

traps is enhanced when combined with green leaf volatiles if traps are deployed in cabbage fields
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(Reddy and Gueero, 2000put not in canola field&Miluch et al., 2014)Similarly, pea leaf

weevil (Sitona lineatud..) (Coleoptera: Curculionidae) has a higher responsentaochemical

lures with host plant volatiles in the fall when pea plants are beginning to senescence and crops
are harvested, than in spring when crops are at the vegetative growth stage and produce more
host plant volatiles that may mask the host vidatieleased from baited trafissenden et al.,

2016) Overall, baited traps deployed in wheat fields captured more noctuid moths than baited
traps in canola fields. Acetic acid is one of the most prominent etatjanic compounds

emitted by canola plants at the flowering st@geromann et al., 2013)vhereas acetic acid is

not part of the volatile profile in wheat plarfi&esik et al., 2010, Piesik et al., 201AAMB

lures at varying release rates may be more apparent & taoghs in wheat than canola fields.

Among the different release devices tested, the AAMB chemical mixture incorporated
into the Splad matrix attracted the most noctuid moths and RBC to baited traps. Although
release rates of AAMB from the different dess were not recorded in this experiment, it is
likely that the AAMB Splat mixture hastagherrelease rate than Nalgene bottles and
polyethylene bag$?henylacetaldehyde incorporated into the wax developed for dispensing
semiochemicals has a higher sde compared to that from rubber stopper lures, and thus,
attracts more moths to baited trgpeagher Jr, 2002)

The AAMB lure combined with 2nethyt1-propanol (MP) or phenylacetaldehyde (PAA)
attracts several noctuid pest species in Euf@pth et al., 201Q)and therefore, may enhance
attraction of RBC moths to AAMB lusein Canadian Prairie agroecosystems. Redbacked
cutworm moths were equally attracted to the different food bait lure types in canola fields,
however, moths had a higher response to the AAMB lure wittethyl1-propanol than

phenylacetaldehyde in wheatlfis. Furthermore, more female RBC are attracted to AAMB lures

144



with theadditional alcohol from fermented {productshan AAMB lures with the floral
volatile. Several insects rely specifically on microbial volatile organic compounds as cues to
locate foodsourcegDavis et al., 2013)For instance, over 90 % of moth species captured in
traps baited with different sourcef fermented sugar baits are noctuids (NoctuitialePpayed et
al., 2005) Interestingly, some microbial volatile organic compounds are also constituents of
male pheromone signals in noctuid moths. For example, phenylethanol is a component of the
male sex pheromone of the flounced chestnuhp#arochola helvold.. (Lepidoptera:
Noctuidae)XBestmann et al., 197.7%imilarly, hair pencils of male TAW release acetic acid as
part of its courtship pheromone blefkitzpatrick et al., 1989)Like many noctuid moths, RBC
is active at night, and therefore, moths may rely on microbial volatile organic compounds over
floral volatiles to locate food sources. Food bait lures that attract both male and female moths are
more slitable tools for monitoring pest species since capture of females might be a better
indicator of population densifyyoyce and Lingren, 1998Yapture of females can provide
information on the reproductive status of feesadnd egg loading.

High Bombusspp. bycatch in cutworm and armyworm g#eromone baited traps
occurs in other noctuid pest systef@oss and Carpenter, 1991, Meagher Jr and Mitchell, 1999,
Spears et al., 2016)The underlying mechanism of responséBboynbusspp. to syntethic nagid
sex pheromones, however, has not been assessed. Traps baited with food bait lures based on
fermented byproducts from sugar baitabe a low pollinator byatch.The addition of floral
compounds to food bait traps, however, attracts rBorebusspp. ty-catch. Food bait lures
based on microbial volatile organic compounds may be especially suitable for monitoring
cutworm and armyworm moths because pollinators do not appear to be attracted to these

compounds. In contrast, traps baited with AAMB luresaattmore vespid bgatch, and this
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attraction is elicited by the short chain alcohol in the food bait chemical m{xiameolt et al.,
2000) Further studies should evaluate food bait lures with longer chain altcoheduced
vespid bycatch

The floral blend of the Canada thistle is a potential general lure to monitor noctuid moths,
and attracts pest species like the cabbage looper imathpplusia ni(Hibner), and the corn
earworm mothHelicoverpa zegBoddie)(El-Sayed et al., 2008)n contrast to results from the
AAMB lure at different elease rates experiment, noctuid moths in central Alberta respond in a
dosedependent manner to lures baited with Canada thistle floral volatiles, and traps baited with
higher dose lures capture more noctuid moths. Volatile organic compounds from cantdapl
the flowering stage are characterized by green leaf volatiles, terpenes and carboxylic acids in
addition to few aromatic compoun@geromann et al., 2013Yhe volatile profile from canola
plants differs from the aromatic blend of the Canada thistle, and therefore, Canada thistle lures at
different doses are more apparent to noctuid metleamola fields than fermented-pyoducts
from sugar baits like the AAMB lure. Although noctuid moths respond in adigsendent
manner to Canada thistle volatiles, similar numbers of both male and female RBC were captured
in traps baited with lures atfitrent doses, and in traps baited with phenylacetaldehyde alone.
This indicates RBC attraction may be driven by the main component of the floral blend,
phenylacetaldehyde.

In accordance to the finding Bf-Sayed et al. (2008honeybees were the most abundant
pollinator captured in Canadaistle lurebaited traps. Moreover, honeybees responded to the
volatile blend in a dosdependent manner. No honeybees were captured in traps baited with
phenylacetaldehyde alone. Similarly, phenylacetaldelwaited traps captured a high number of

Bombs spp. and wasps from the family Sphecidae, but no honeybees in traps positioned in
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cotton and corn field&Meagher Jr, 2001bYhese results indicate that honeybees respond to the
complete florablend of Canada thistle and not its main component alone. This experiment was
conducted in late summer, and therefore, bumblebee response to Canada thistle floral volatiles
could not be determined

Redbacked cutworm antennae responded to the differetkbliised semiochemicals in a
dose dependent manner. Higher doses of acetic acidmedhyl1-butanol elicited significant
EAG responses, whereas phenylacetaldehyde elicited significant EAG responses at all doses
tested. Other moths exhibit dose dependeteénnal responses to host plant volatiles. For
example, the host plant volatile, hex&ol, elicits high antennal response at a dose of§.ih
the cotton bollworm motH;l. armigera(Hubner) (Lepidoptera: Noctuidae), while response to
lower doses (0@01 to 0.01ng) does not differ from the solvent cont(Blurguiere et al., 2001)
Similarly, phenylacetaldehyde elicits the strongest antennal responses in the lichnis moth,
Hadena beurris Hufnagel (Lepidoptera: Noctuidae), at low and high concentrations, while the
green leaf volatile, ci8-hexenl-yl acetate, elicits antennal recordings only at high
concentrationg¢Dotterl et al., 2006)The cabbage butterflieris rapaelL. (Lepidoptera:
Pieridae), antennal response to microbial volatile emissions at high doses many be important for
closerange location of food sours(Omura et al., 1999gther than the lorgange attraction
assessed for RBC in the current stuelyenylacetaldehyddicits higher EAG responses than
acetic acid and-gnethyl1-butanol in RBCantennaghowever, lhese patterns may be
confoundedo differences irvolatility of the compounds testedromatic aldehydes elicit higher
EAG response than alcohols in the cotton bollworm niBthiguiere et al., 2001)

The physiological state of insects influences the antennal response -toefsex

semiochemical§Bruce and Pickett, 2011 the RBC moth, males a a higher EAG response



to phenylacetaldehyde at higher doses than female moths, while both sexes respond similarly to
acetic acid and-gnethylbutanol. Antennal response to acetic acid by TAW does not differ
between males and females, however, male aateasponse to benzaldehyde, a common floral
volatile and component of the male TAW pheromone blend, is significantly greater than females
(Fitzpatrick et al. 1989). Several lepidopteran male courtship pheromones are derived from
ingested plant compoundad some of these components are also components of floral scents
like benzaldehyde or phenylacetaldehgdaudsen and Tollsten, 1993)

In RBC, feeding status did not influence the antennal response to acetic acid and
phenylacetaldehyde in either sex, whereas feeding status did affect the respemsthigh B-
butanol in female moths but not in males. Fedin female moths had a higher EAG response
than unfed females. The influence of feeding status on antennal response may be specific to the
insect species and the semiochemical cue. For example, fed fenfed&inellahave a
marginally higher antennat¢sponse to the host plant volati(&s E) a-farnesene and methyl
salicylate compared to unfed females, however, unfed females have a higher EAG response to
linalool than fed femaled.emmenLechelt et al., 2018)}eeding status, however, highly
influences femal€. fraxinellabehavioural response to host plant volatiles, as fed females orient
to host plant volatiles more readily than unfed feEzaan wind tunnel experimenfsemmen
Lechelt et al., 2018)n general, the insect central nervous system seems to be more sensitive to
changes in insect physiological state compared to the peripheral system that is les$4téstic
et al., 2007)For exanple, isothiocyanates stimulatpwind flight in female cabbage moths,
Mamestra brassicak. (Lepidoptera: Noctuidae), despite the low antennal response to this

compoundgRojas, 1999)Further studies should evaluate the influence of the tested compounds
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and the food bait lure blend on RBC behaviour in wind tunnel studies under controlled
conditions.

In conclusion, food bait lures based on microbial volatile organic compounds can be
further developed to monitor RBC moths and potentially other cutworm and armyworm pests in
Prairie agroecosystems, and have a minimum negative effect on native pollinefdcioy
Although food bait lures capture lower numbers of targeted moths comparedgbesomone
baited traps, both male and females of multiple cutworm species are attracted to AAMB lure.
The low number of moths captured in food bait traps may indicate that only moths in the
immediate area detect and are attracted to thetldad luresFuture studie should evaluate the
attractiveradius of these lureend determine if trap capture represents local population density
(Byers et al., 1989)Traps baited with the AAMB lure caught more moths in wheat fields than
canola, and thus, the background volatile profile of the crop may influence the response to lure.
It is possible that microbial volatile organic compouads more reliable cues for locating food
sources than floral volatiles for RBC and potentially other noctuid pest species. These types of
lures may be more reliable than specific host plant volatiles as several cutworm and armyworm
pests are generalistscado not oviposit on host plant tissue, including RBC and PWC. The
AAMB lures have little impact on pollinator bycatch, but other alcohols should be tested to
reduce attraction of vespid wasps to food bait traps. Food bait traps catch a varietpeg non

noctuid moths and entomological expertise is required to separate the species captured.
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Figure 4-1A. Experiment 1 (2014) Average number of redbacked cutworm (RBE)Xoa
ochrogastey moths captured per trap per week at seven siteanimalAlberta, Canada. RBC

moths were monitored with three traps: RBC sex pheromone, AAMB lure and an unbaited trap.
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Figure 4-1B. Experiment 1 (2014) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths per baitettap. Midline indicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile range of the data or the maximum gpkrecircles represent
points more thn 1.5 times the interquartile ran@éere is no difference in moth trap catch
between canola or wheat fields. Means comparisons were performed for differences in trap
capture in traps baited with RBC pheromone lure, AAMB lure and in unbaited trapsoBoxpl

mar ked with different |l etters are statistical
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Figure 4-2A. Experiment 1 (2014) Average number of bertha armyworm (BAVJdmestra
configuratg moths captured per trap per week at seven sitesninalAlberta, Canada. BAW

moths were monitored with three traps: BAW sex pheromone, AAMB lure and an unbaited trap.
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Figure 4-2B. Experiment 1 (2014) Boxplots of the season long capture of bertha armyworm
(BAW) (Mamestraconfiguratg moths per baited trap. Midlinedicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile range of the data or the maximum gpkrecircles represent
points more than 1.5 timéise interquartile rang& here is no difference in moth trap catch
between canola or wheat fields. Means comparisons were performed for differences in trap
capture in traps baited with BAW pheromone lure, AAMB lure and in unbaited traps. Boxplots

marked with different lettersaset at i sti cally different (Tukey m
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Figure 4-3A. Experiment 1 (2014) Average number of true armyworm (TAVWIythimna
unipunctg moths captured per trap per week at seven sitasnimalAlberta, Canada. TAW

moths monitored with theetraps: TAW sex pheromone, AAMB lure and in an unbaited trap.
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Figure 4-3B. Experiment 1 (2014)Boxplots of the season long capture of true armyworm
(TAW) (Mythimnaunipunctd moths per baited trap. Midline indicates the median; the top and
bottom d the box indicates the first and third quartiles, respectively; vertical line or whiskers
represent the 1.5 interquartile randgeh® data or the maximum value; open circles represent
points more than 1.5 times the interquartile raMgans comparisonsere performed for
differences in trap capture in traps baited with TAW pheromone lure, AAMB lure and in
unbaited traps by crop. Boxplots marked with different letters within crop are statistically

di fferent (Tukey method, U = 0.05).
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Figure 4-4. Experiment 1 (2014) Boxplots of the season long capture of #t@rget cutworm

and armyworm moth species captured per baited trap. Midline indicates the median; the top and
bottom of the box indicates the first and third quartiles, respectively; vditiear whiskers
represent the 1.5 interquartile randgeh® data or the maximum value; open circles represent
points more than 1.5 times the interquartile rafigpere is no difference in moth trap catch

between canola or wheat fields. Means comparisane performed for differences in trap

capture in traps baited with: RBC = redbacked cutworm sex pheromone; BAW = bertha
armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW = army cutworm sex
pheromone; AAMB lure and in unbaited traps. Boxphoteked with different letters are

statistically different (Tukey met hod, U =

15€



—&—  RBC (A)

8 — @3- BAW
-m- TAW
—--o—- ACW

--&-- AAMB lure
-—#--  Unbaited

Average number of pollinators / trap / week

. [ ]
o 5, [
4_ : A \.
N
[ b
_.f - .\
o / r‘
g Lo
.'r .'_ .i
2 . Y
]
$-—- g i N IS
P R N IS S ol U R - S
+»H_‘ oA Vs é’_ sl LT . TR %ﬁ‘-‘ .
0d .-t DEEE EEPEE R el SN PN
] | | | | ] ] | |
17-Jun 30-Jun 15-Jul 29-Jul 12-Aug 26-Aug 10-Sep 24-Sep 10-Oct

Dates

Figure 4-5A. Experiment 1 (2014) Average number of pollinators captured per week in traps
baited withlures targeting cutwormmothsat seven sites icentralAlberta, Canada. Lure types:
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true armyworm sex pheromone; ACW = army cutworm sex pheromone; AAMB lure and
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Figure 4-5B. Experiment 1 (2014) Boxplots of he season long capture of pollinatordatch
captured in traps baited withires targeting cutworrimoths Midline indicates the median; the

top and bottom of the box indicates the first and third quartiles, respectively; vertical line or
whiskers represenhe 1.5 interquartile rangd the data or the maximum value; open circles
represent points more than 1.5 times the interquartile raihgee is no difference in pollinator
by-catch between canola or wheat fields. Means comparisons were performdfiéfendes in

trap capture in traps baited with: RBC = redbacked cutworm sex pheromone; BAW = bertha
armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW = army cutworm sex
pheromone; AAMB lure and unbaited trap. Boxplots marked with differaetdeare

statistically different (Tukey met hod, U =
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Figure 4-6A. Experiment 1 (2014) Average number of vepids captured per week in traps baited

with lures targeting cutworAmothsat seven sites icentralAlberta, Canada. Lure types: RBC =

redbacked cutworm sex pheromone; BAW = bertha armyworm sex pheromone; TAW = true

armyworm sex pheromone; ACW = army cutworm sex pheromone; AAMB and unbaited trap.

There is no difference in vespid trap capture between canola or wheat fields.
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Figure 4-6B. Experiment 1 (2014) Boxplots of the season long capture of vespidaigh

captured in traps baited withires targeting cutworrimoths Midline indicates the median; the
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whiskers represent the 1.5 interquartile ranfgh® data or the maximum value; open circles
represent points more than 1.5 times the interquartile raihgee is no difference in vespid

bycatch between canola or wheat fields. Means congerisere performed for differences in

trap capture in traps baited with: RBC = redbacked cutworm sex pheromone; BAW = bertha
armyworm sex pheromone; TAW = true armyworm sex pheromone; ACW = army cutworm sex
pheromone; AAMB lure and unbaited trap. Boxploigrked with different letters are

statistically different (Tukey met hod, U =
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Figure 4-7. Experiment 2 (2014) Top panel: Average release rate per day (mg/dak) of

AAMB lure from Nalgene 10 mL bottle lures with different sized holes in the centre of the bottle

cap. Three releagates were tested: low (1.0 mm diam. hole in lid), standard (3.0 mm diam.

hole in lid), high (5.0 mm diam. hole in lid)ures wereeplaced every 2 weeks, at which time

individual analyses were performed for AAMB lures retrieved from the fididre is no

difference in average release rate of lures positioned in traps in canola or wheat fields. Means

comparisons were performed foffdrences among release rate treatments. Points marked with
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Figure 4-8. Experiment 2 (2104) Boxplots of the season long capture of male (top panels) and
female (bottonpanels) noctuid moths in AAMB baited traps at different release rates
manipulated by the diameter of holes drilled in the centre of the bottle cap. Midline indicates the
median; the top and bottom of the box indicates the first and third quartiles, redppecertical

line or whiskers represent the 1.5 interquartile rarigheodata or the maximum value; open

circles represent points more than 1.5 times the interquartile. /Bimge release rates were

tested: low (1.0 mm), standard (3.0 mm), high (&r); and an unbaited trap. Means

comparisons were performed for difference in moth trap catch among the treatments by the
interaction of crop and sex. Boxplots marked with different letters within moth sex and crop

panel are statistically different (Tukeye t h o d , U = 0.05).
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Figure 4-9. Experiment 2 (2014) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths in AAMB baited traps at different release rates of AAMB
lures. Midline indicates the median; the top and botéithe box indicates the first and third
quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile fahgedata or

the maximum value; open circles represent points more than 1.5 times the interquartile range
Three releaseates were tested: low (1.0 mm diam. hole in lid), standard (3.0 mm diam. hole in
lid), high (5.0 mm diam. hole in lid); and an unbaited trap. Means comparisons were performed
for difference in moth trap catch among traps baited with the different releaseeedtents.

Boxplots marked with different | etters are
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Figure 4-10. Experiment 3 (2015) Boxplots of the season long capture of female (left panel)

and male (right panel) noctuid moths in traps lokvtgh AAMB lures from different release

devices. Midline indicates the median; the top and bottom of the box indicates the first and third
quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile fahgelata or

the maximunvalue; open circles represent points more than 1.5 times the interquartile range
Three releasédevices were tested: 10 mL nalgene bottle, 10 mL polyethylene bag and 10 g splat
matrix; and an unbaited trap. Means comparisons were performed for diffexenothitrap

catch in traps baited with the different release devices. Boxplots marked with different letters

within moth sex are statistically different
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Figure 4-11. Experiment 3 (2015) Boxplots of the total number redbackeutworm (RBC)
(Euxoaochrogastey moths capture in traps baited with AAMB released from different devices.
Midline indicates the median; the top and bottom of the box indicates the first and third quartiles,
respectively; vertical line or whiskerspresent the 1.5 interquartile randehe data or the

maximum value; open circles represent points more than 1.5 times the interquartild haege
release devices were tested: 10 mL nalgene bottle, 10 mL polyethylene bag and 10 g splat
matrix; and inan unbaited trap. Means comparison was performed for differences in moth trap
catch in traps baited with the different release devices. Boxplots marked with different letters are

statistically different (Tukey met hod, U = 0.
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Figure 4-12. Experimant 4 (2015) Boxplots of the season long capture of target pest species in

respective sex pheromone baited traps positioned in canola or wheat fields. Midline indicates the

median; the top and bottom of the box indicates the first and third quartilesctiesly; vertical

line or whiskers represent the 1.5 interquartile rarigheodata or the maximum value; open

circles represent points more than 1.5 times the interquartile.range
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Figure 4-13. Experiment 4 (2015) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths in traps baited with AAMB lures with and without additional
chemical compounds. Midline indicates the median; the top and bottom of the hmatasdhe

first and third quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile
range 6 the data or the maximum value; open circles represent points more than 1.5 times the
interquartile rangeThe tested chemicals were anadiol from fermented bproducts, 2methyk
1-propanol (MP), and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB
alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap that served as
control. Means comparisons were performed féietence in moth trap catch in traps baited

with the different food bait lures. Boxplots marked with different letters with crop panel are

statistically different (Tukey method, U =
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Figure 4-14. Experiment 4 (2015) Boxplots of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths in traps baited with AAMB lures with and without additional
chemical compounds. Midline indicates the median; the top and bottom of the huatesdhe

first and third quartiles, respectively; vertical line or whiskers represent the 1.5 interquartile
range 6 the data or the maximum value; open circles represent points more than 1.5 times the
interquartile rangeThe tested chemicals were anaddol from fermented byproducts, 2methyk
1-propanol (MP), and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB
alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap that served as
control. Means comparison were performed fofeié@nces in moth trap catch in traps baited

with the different food bait lures. Boxplots marked with different letters with sex panel are

statistically different (Tukey met hod, U = 0.
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Figure 4-15. Experiment 4 (2015) Boxplots of the season long d¢ape of pollinator bycatch
captured in traps baited withires targeting cutworrimoths Midline indicates the median; the

top and bottom of the box indicates the first and third quartiles, respectively; vertical line or
whiskers represent the 1.5 interdila range 6the data or the maximum value; open circles
represent points more than 1.5 times the interquartile rdfgye pollinators were captured in
canola fields than wheat. Means comparison were performed for differences in season long
pollinator by-catch in traps baited with the different lure types: RBC = redbacked cutworm sex
pheromone; BAW = bertha armyworm sex pheromone; PWC = army cutworm sex pheromone;
TAW = true armyworm sex pheromone; AAMB alone; AAMB+MP = AAMB plusn2thyl1-
propanol; AAMB+PAA = AAMB plus phenylacetaldehyde; AAMB+MP+PAA and an unbaited
trap that served as control. Boxplots marked with different letters are statistically different

(Tukey method, U = 0.05).
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Figure 4-16. Experiment 4 (2015) Boxplots of the season long ¢ape of vespid bycatch

captured in traps baited withires targeting cutworrimoths Midline indicates the median; the

top and bottom of the box indicates the first and third quartiles, respectively; vertical line or
whiskers represent the 1.5 interquartihtnge bthe data or the maximum value; open circles
represent points more than 1.5 times the interquartile raihgee was no difference in vespid
by-catch in traps positioned aganola and wheat fields. Means comparisons were performed for
differencedn total trap catch in traps baited with different lure types: RBC = redbacked cutworm
sex pheromone; BAW = bertha armyworm sex pheromone; PWC = army cutworm sex
pheromone; TAW = true armyworm sex pheromone; AAMB alone; AAMB+MP = AAMB plus
2-methyl1-propanol; AAMB+PAA = AAMB plus phenylacetaldehyde; AAMB+MP+PAA and

in an unbaited trap that served as control. Boxplots marked with different letters are statistically

diff erent (Tukey method, U = 0.05)
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Figure 4-17.Experiment 5 (2016) Boxplots of the season long capture of noctuid moths

captured in traps baited with lures releasing a Canada thistle (CT) floral blend at different doses.
Midline indicates the median; the top and bottom of the box indicates thanfttshird quartiles,
respectively; vertical line or whiskers represent the 1.5 interquartile rétige data or the

maximum value; open circles represent points more than 1.5 times the interquartile range
Treatments included: CT G.1CT 1.G; CT 2.G; CT 4.G; phenylacetaldehyde (PAA) alone

and an unbaited trap. Means comparisons were performed for differences in moth trap catch in
traps baited with the different lures. Boxplots marked with different letters are statistically

di fferent (EQ05ey met hod, U
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Figure 4-18. Experiment 5 (2016) Boxplot of the season long capture of redbacked cutworm
(RBC) (Euxoaochrogastey moths captured in traps baited with lures releasing a Canada thistle
(CT) floral blend at different doses. Midline indicatee median; the top and bottom of the box
indicates the first and third quartiles, respectively; vertical line or whiskers represent the 1.5
interquartile range of the data or the maximuu@aopen circles represent points more than 1.5
times the intergartile rangeTreatments included: CT G.1CT 1.G; CT 2.G; CT 4.G;
phenylacetaldehyde (PAA) alone andwsaitedtrap. Means comparisons were performed for
differences in moth trap catch in traps baited with the different lures. Boxplots marked with

di fferent | etters are statistically different
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Figure 4-19. Experiment 5 (2016) Boxplots of the total number of honeybeApié mellifera)
captured in traps baited with lures releasing the Canada thistle (CT) floral blifidrant

doses. Midline indicates the median; the top and bottom of the box indicates the first and third
guartiles, respectively; vertical line or whiskers represent the 1.5 interquartile fahgedata or

the maximum value; open circles represenmisamore than 1.5 times the interquartile range
Treatments included: CT G.1CT 1.G; CT 2.G; CT 4.G; phenylacetaldehyde (PAA) alone

and anunbaitedrap. Means comparisons were performed for difference irctrégh in traps

baited with thaifferentlures. Boxplots marked with different letters are statistically different

(Tukey method, U = 0.05).
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Figure 4-20. Experiment 6 (2017) Average EAG response (mVSE) of female (A,C,E) and

male (B,D,F) redbacked cutworm (RB@®ukoaochrogastey antennae (n=10) to feeding

attractant volatiles: acetic acid (A, Byethyt1-butanol (C, D) and phenylacetaldehyde (E, F).

Means comparisons were conducted among dose within sex and chemical compound. Bars

marked with different letters witn each panel represent are significantly different (Tukey

met hod, U = 0.05). Significant difference bet

within dose and chemical compound is representgdby) ( Tukey U = 0. 05) .
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Table 4-1. Results of the optiniastatistical models used in the several experimerdgvelopment of a general food bait lure for

monitoring cutworm and armyworm moths (Lepidoptera: Noctuidae) in the Canadian Prairies.

Optimal Full Null
Experiment Response variable Function Optimal Model Explanatory varaible Statistic df P-value model model Model

AIC AIC _ AIC

Experiment 1 (2014)

AAMB, pheromones and unbaited Total RBC glmer.nb (RBC + 1) ~Crop + Lure type + (1|Site) Crop Wald )(2 2.03 1 01546 352.8 355.6 4709
Negative binomial Lure type 801.54 2 <0.001
Total BAW glmer.nb (BAW + 1) ~ Crop + Lure type + (1|Site) Crop Wald )(2 0.10 1 0.7478 2442 248.1 319.8
Negative binomial Lure type 801.54 2 <0.001
Total TAW glmer (TAW + 1) ~ Crop + Lure type + (1|Site) Crop Wald )(2 11.58 1 <0.001 1683 1762 186.6
Poisson Lure type 11.28 2 0.003
(ACW + 1) ~ Crop + Lure type + Crop:Lure
Total ACW glmer type (1/Site) Crop Wald x° 0.32 1 0.571 107.3  107.3 99.5
Poisson Lure type 1.50 2 04724
Crop:Lure type 0.47 2 0.7913
None-target cutworm  glmer.nb (Cutworms + 1) ~ Crop + Lure type + (1/Site) Crop Wald )(2 0.73 1 03926 4223 4269 5204
Negative binomial Lure type 186.83 5 <0.001
Total Pollinator glmer.nb (Pollinator) ~ Crop + Lure type + (1|Site) Crop Wald )(2 3.04 1 0.08118 4459 4515 468
Negative binomial Lure type 40.77 4 <0.001
Total Vespid glmer.nb (Vespid) ~ Crop + Lure type + (1|Site) Crop Wald )(2 1.64 1 02004 2672 269.1 3129
Negative binomial Lure type 96.79 4 <0.001
Experiment 2 (2014)
Release rate Release rate Imer (Release rate)1/2 ~ Release rate + (1|Site) Release rate
24-Jun F-value 69.84 2,30 <0.001 137.7 1458 196.8
08-Jul 50.84 2,30 <0.001 140.6  141.1 190.6
22-Jul 63.69 2,30 <0.001 130.1 133.1 183.1
05-Aug 109.32 2,30 <0.001 1258 1283 196.8
18-Aug 113.25 2,30 <0.001 132.8 135 207.2
02-Sep 4539 2,30 <0.001 1364 1364 184.8
16-Sep 20.11 2,30 <0.001 1239 1277 1515
02-Oct 18.9 2,30 <0.001 108.9 1122 133.1
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Table 4-1. (Continued).

Optimal Full Null
Experiment Response variable Function Optimal Model Explanatory varaible Statistic df P-value model model Model

AIC AIC  AIC

Experiment 2 (2014)

N id ~ Rel te + + +
Release rate Total Noctuid octuid ~ Release rate + Crop + Sex

glmer Release rate:crop + Release rate:sex + (1|Site)  Release rate Wald y° 316.0 3 <0.001 8609 861.0 1584.9
Poisson Crop 51.2 1 <0.001
Sex 111.7 1 <0.001
Release rate:Crop 23.5 3 <0.001
Release rate:Sex 10.1 3 0.018
Total RBC glmer RBC ~ Release rate + Crop + Sex + (1|Site) ~ Release rate Wald )(2 30.83 3 <0.001 327 3342 4212
Poisson Crop 19.96 1 <0.001
Sex 18.67 1 <0.001
Experiment 3 (2015)
Total Noctuid Noctuid ~ Release device + Sex + Release ,
Release devices glmer device:Sex + (1[Site) Release device Wald y 187.69 3 <0.001 397.1  397.1 1767.1
Poisson Sex 3.54 1 0.060
Release device:Sex 9.96 3 0.019
Total RBC glmer RBC ~ Release device + Sex + (1[Site) Release device Wald )(2 23.67 3 <0.001 1842 186.5 2145
Poisson Sex 3.12 1 0.077
Experiment 4 (2015)
Total RBC RBC ~ Lure type + Crop + Sex + Lure ,
AAMB with additional semiochemicals glmer.nb type:Crop + Lure type:Sex + (1[Site) Lure type Wald y 56.78 4 <0.001 795 802.6 8558
Negative binomial Crop 5.30 1 0.021
Sex 3.00 1 0.083
Lure type:Crop 10.73 4 0.030
Lure type:Sex 27.55 4 <0.001
Total pollinator glmer.nb Pollinator ~ Lure type + Crop + (1|Site) Lure type Wald )(2 85.62 8 <0.001 751.7  759.8  813.6
Negative binomial Crop 9.46 1 0.002
Total vespid glmer.nb (Vespid + 1) ~ Lure type + Crop + (1|Site) Lure type 542.006 8 <0.001 782.5 796.2 1010.8
Negative binomial Crop 0.068 1 0.7942
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Table 4-1. (Concluded).

Optimal Full  Null
Experiment Response variable Function Optimal Model Explanatory varaible Statistic df P-value model model Model
AIC AIC  AIC
Experiment 5 (2016)
Canada thistle lure Total noctuid glmer.nb Noctuid ~ Lure dose + Sex + (1|Site) Lure dose Wald )(2 196.24 5 <0.001 3852 3949 477
Negative binomial Sex 24.457 1 <0.001
Total RBC glmer.nb RBC ~ Lure dose + Sex + (1|Site) Lure dose Wald x° 57.9 5 <0.001 307.2 313.6 343.7
Negative binomial Sex 1.4008 1 0.237
Total Honey bees glmer.nb Bees ~ Lure dose + (1|Site) Lure dose Wald )(2 101.37 5 <0.001 166.5 206.8
Negative binomial
Experiment 6 (2017)
Ln (EAG + 1) ~ Sex + Feeding +
RBC Electroantennogram Acetic acid Ime Concentration, random = ~I|Antenna
ID/Concentration Sex F-value 471 1,35 0.037 -132.5 -473 4903
Feeding 0.28 1,35 0.597
Concentration 562.82 6,210 <0.001
Ln (EAG + 1) ~ Sex + Feeding +
3-methyl- 1-butanol 1me Concentrat.?on + Sex:Feeding + Sex:
Concentration, random = ~1|Antenna
ID/Concentration Sex F-value 14.59 1,35 <0.001 -190.8 -131.5 282.0
Feeding 0.683 1,35 0.414
Concentration 346.94 6,210 <0.001
Sex:Feeding 6.53 1,35 0.015
Sex:Concentration 7.69 6,210 <0.001
Ln (EAG + 1) ~ Sex + Feeding +
Concentration + Sex:Feeding + Sex:
Phenylacetaldehyde Ime Concentration + Concentration:Sex:Feeding,
random = ~1|Antenna ID/Concentration Sex F-value 26.08 1,35 <0.001 -187.3 -187.3  329.0
Feeding 039 1,35 0.539
Concentration 549.16 6,210 <0.001
Sex:Feeding 724 1,35 0.011
Sex:Concentration 17.13 6,210 <0.001
Concentration:Sex:Feeding 2.25 6,210 0.039




Table 4-2. Site coordinates. Seven sites in five counties througtenttalAlberta, Canada.

County Site Field Coordinates 2014 2015 2016
Leduc 1 A 53.23790 N 113.34226 W Canola Wheat Canola
B 53.24722 N 113.34219 W  Wheat Canola Wheat
2 A 53.28640 N 113.87867 W Canola Wheat Canola
B 53.27595 N 113.85422 W  Wheat Canola Wheat
Parkland 3 A 53.44492 N 113.71344 W Canola Wheat Canola
B 53.43946 N 113.71339 W  Wheat Canola Wheat
Barrhead 4 A 54.07452 N 114.37685 W Canola Wheat Canola
B 54.05627 N 114.34988 W  Wheat Canola Wheat
5 A 54.30392 N 114.47681 W Canola Wheat Canola
B 54.34530 N 114.47697 W  Wheat Canola Wheat
Wainwright 6 A 52.95971 N 111.43202 W Canola Wheat Canola
B 52.95963 N 111.43922 W  Wheat Canola Wheat
7 A 52.90159 N 110.56340 W Canola Wheat Canola
B 52.88453 N 110.60859 W  Wheat Canola Wheat
Wood Buffalo Y i e
Fort 5t dohn Peace Rve ALBERTA c
i C%ELRASBTA Whitecourt % nm;:::}m SASKATCHEWAN
&
Banff. Drumheller Kindersley
Na{(una;ag‘:rk Calgary H :
= Vancouver
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Table 4-3. Lure composition and deployment schedule for field experiment in 2014 and 2015

Year Lure Components Ratio  Amount Time deployed
2014 Z5-12Ac, 200
Redbacked cutworm Z7-12Ac, 2 y
(RBC; Euxoa ochrogastgr Z9-12Ac, 1 1000 ug 23 Juri 10 Oct
Z5-10Ac 1
Bertha armyworm
_ Z11-16Ac, 95 ,
(BAW,. Mamestra 20-14AC 5 500 ug 10 Juni 02 Sep
configuratg
True armyworm y
(TAW: Mythimna unipuncih Z11-16Ac 1 1000 pg 10 Juni 10 Oct
Army cutworm Z5-14Ac, 100
e Z7-14Ac, 1 100 pg 02 Sep 10 Oct
(ACW, Euxoa auxiliarig Z9-14AcC 10
Acetic acid, 1 y
AAMB 3-methyH-butanol 1 10 mL 10 Juni 10 Oct
Unbaitedcontrol - - - 10 Juni 10 Oct
2015 Z5-12Ac, 200
Z7-12Ac, 2 22 Juni 15
RBC 79-12Ac, 1 100049 Sept
Z5-10Ac 1
Z11-16Ac, 95 22 Juni 04
BAW 79-14Ac 5  °00ug Aug
22 Juni 15
TAW Z11-16Ac 1 1000 ug Sept
Pale western cutworm Z7-12Ac, 2 500 22 Juni 15
(PWC; Agrotisorthogonig Z5-12Ac 1 HY Sept
Acetic acid, 1 22 Juni 15
AAMB 3-methyt1-butanol 1 10 mL Sept
Acetic acid, 1 y
AAMB+MP 3-methyk1-butanol, 1 omL 22 ‘é‘g" t 15
2-methyl1-propanol 1 P
Acetic acid, 1 ,
AAMB+PAA 3-methyk1-butanol, 1 omL 22 ‘]S“e”' , 15
phenylacetaldehyde 1 P
Acetic acid, 1
3-methyt1-butanol, y
AAMB+MP+PAA 2-methybl. 1 lomL  22Juri 15
1 Sept
propanol, 1
phenylacetaldehyde
Unbaitedcontrol - - - 22 Juni 15
Sept




Table 4-4. Lure composition of the floral blend of the Canada thistle lures.

Compounds Quantities g)
PAA- CT0.BE CT106 CT2G CT406 Control

Benzaldehyde - 0.3 3.0 6.0 12.0 -
Benzyl Alcohol - 0.3 3.0 6.0 12.0 -
Phenylacetaldehyd 200.0  10.0 100.0 200.0 400.0 -
Methyl Benzoate - 0.1 1.0 2.0 4.0 -
Linalool - 0.3 3.0 6.0 12.0 -
Fenl ethy! : 0.5 50 100  20.0 i
Methyl Salicylate - 2.5 25.0 50.0 100.0 -
P-anisaldehyde - 0.5 5.0 10.0 20.0 -
Dimethyl Salicylate - 2.0 20.0 40.0 80.0 -
EE-Ufarnesene - 0.1 1.0 2.0 4.0 -
Benzyl benzoate - 0.5 5.0 10.0 20.0 -

Total load 200.0 17.1 171.0 342.0 684.0 0.0
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Table 45. Mean numbeof the season long capture of cutworm and armyworm mietA&MB baited traps in Experiment 1, 2014

Canola Wheat

Tribe Subtribe  Scientific name Common name Female Male Female Male
Noctuini Agrotina  Euxoa ochrogaster Redbacked cutworm 2.28+1.17 1.28+0.52 4.86+2.99 2.71+2.06
Euxoa auxiliaris Army cutworm 0.00+£0.00 0.00+0.00 0.00%0.00 0.00zx0.00
Euxoa scandens White cutworm 0.00+£0.00 0.00+0.00 0.00+0.00 0.14+0.14
Feltia jaculifera Dingy cutworm 1.14+£040 2.29+042 1.29+0.74 6.42+5.18
Agrotis venerabilis Dusky cutworm 0.14+0.14 0.00+0.00 0.14+0.14 0.29%0.18
Agrotis orthogonia Pale wester cutworm 0.00 £ 0.00 0.00+£0.00 0.00+0.00 0.00+0.00
Noctuina Noctua pronuba Winter cutworm 0.14+0.14 0.00+0.00 0.00+x0.00 0.14%0.14
Apameini Apameadevastator Glassy cutworm 0.42+0.30 0.86+0.46 0.57x0.42 257+1.04
Apamea amputatrix Yellow head cutworm 0.14 +0.14 0.00 + 0.00 0.00+£0.00 0.00 £0.00
Amphipoea interoceanica Strawberry cutworm 2.28+0.89 4.0+£2.03 3.14+1.26 8.14+4.1
Hadenini Xestia enigrum Spotted cutworm 0.29+0.18 0.00+0.00 0.00%0.00 0.00x0.00
Anarta trifolii Clover cutworm 0.00+£0.00 0.00+0.00 0.00+0.00 0.00z0.00
Dargida procinctus Olive green cutwom  0.00 £ 0.00 0.00£0.00 0.00+0.00 0.14+0.14
Mamestra configurata Bertha armyworm 0.29+0.18 0.14+0.14 0.28+0.18 0.29+0.18
Eriopygini Lacinipolia renigera Bristly cutworm 0.28+0.18 0.00+0.00 0.14+0.14 0.42+0.20
Tholerini Nephelodes minians Bronzed cutworm 0.00+0.00 1.26+0.18 0.28+0.28 1.42+0.52
Leucanii Mythimna unipuncta True armyworm 057+0.42 0.14+0.14 1.71+141 114+1.14
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Chapter 5: A diversity of noctuid moths (Lepidoptera: Noctuidae) attracted to foodbased
semiochemical lures inCanadian Prairie agroecosystems

Abstract

Noctuidae is one of the most diverse and abundant lepidopteran families in the Prairie Ecozone.
Within this diverse group, a few noctuid species are regbag agricultural pests in thegion.
Cutworms and armywars (Lepidoptera: Noctuidae) are part of a pest complex native to North
America that can cause economic damage to multiple crops across the Canadian Prairies. Unless
noctuid pest densities are monitored systematically during high and low population phases,
population surges will not be detected or predictéek dhemical mixture of two fermented bait
by-productsacetic acid and-gnethyl1-butanol (AAMB), has been used to monitor the diversity
and abundance of moths in multiple cropping systems. In this stregyort on the diversity and
abundance of pest and npast noctuid moths trapped with the AAMB lurewotcropping
systems at seven sites in central Alberta, Canada. In two years of trapping, 7,900 noctuid moths
were trapped and identified to speci€sere was no difference in noctuid community
composition of moths captured in traps deployed in canoldneatrfields. AAMBbaited traps
captured a higher diversity of moths tharbaitedtraps and explained 15% of the variation in
species composition. Noctuinae moths were the most diverse and abundant subfamily attracted to
the AAMB lure with 62 species int8ibes.AAMB -baited traps captured a higher diversity and
abundance of the cutworm and armyworm pests compargthetedraps.More noctuid pests
were attracted to food bait lures from fermented bapiwglucts than floral volatiles\AMB
lure can bemplemented to monitor the diversity of Noctuinae moths in agroecosystems in

Canadian Prairies, and potentially monitor the local density of noctuid pests.
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Introduction

The order Lepidoptera is one of the most diverse insect taxa in the Prairie Ecotione, wi
2,232 species recorded in 61 famil{@shl et al., 2014)Moths from the families Geometridae,
Erebidae and Noctuidae represent 78 % of the total diversity of maatospecies; and noctuid
moths alone, with 693 reported si@s; make up 28% of the entiepidoptera fauna in the
Canadian Prairie@ohl et al., 2014)Noctuid moths perfornmportant biological roles in the
biotic interactions in prairie habitats. Larvae and adults serve as food sources to higher trophic
levels,such agpredatory beetle@-rank, 1971, Carcamo et al., 198H)dspidersgPearce et al.,
2004) grassland birdéMaher, 1979and insectivasus batgVonhof and Hobson, 2001)

Although often overlooked, moths also act as generalist nocturnal pollinators in several plant
systems, and are capable of dispersing pollen over longer distances than othgiRegaclds

et al., 2009, Winfree et al., 201 Burthermore, feeding damage by larvae can impact plant
community structure, which is dependent on the spatial and temporal variation of moth
populationgCrawley, 1989)

The majoriy of Lepidoptera species in the Canadian Prairie provinces have a neutral
effect on agriculture or provide valuable ecosystem services, while only a few species are
considered to be pests of several annual gfgaskosky et al., 2017 Cutworms and
armywormg(Lepidoptera: Noctuidae) are part of a pest complex native to North America that
can cause economic damage to multiple annual crops grown across the Canadian Prairies
(Beirne, 1971, Floate, 2017)he diversity and abundance of the pest complex in a given field is
highly variable and it is influenced by differences in regional climate, agricultural practices, the

life history traits of the moths and other fact(ffkoate and Hervet, 2017)
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At least 75 % of the grassland habitats in the Candérairie Provinces has been altered
for crop cultivation and livestock producti¢Bhorthouse, 2010Fragmentation of the landscape
to support intensive monocultural systems of annual crops and perennial forages is one of the
major drivers of reduced arthropod diversityagroecosystem®leehan et al., 2013)

Agronomic practicesesult inhigh levels of habitadisturbance, which have a strong impact on
insect community structure and variation in population density of pest sp8bmsnan, 2008,
Evans and Sanderson, 2018hless cutworm and armyworm populations are monitored
systematically during both high and low population phases, population surges will not be
detected or predicted.

Trapping is a useful technique to assess Lepidoptera diversity and abundance in
agroecosystems. Light trapping is a common method employed to survey moth diversity and
abundancéAyre and Lamb, 1990, Chey et al., 1997, Beck et al., 20@Ryever, this tactic
requires careful monitoring and is dependent on a power source. Capture of mothsrapgght t
is heavily dependent on the environmental conditions during the trapping (éeiacand
Holyoak, 1997, Jonason et,@014) Shorter bright nights in the summer may reduce the
attraction of moths to light traps in northern latitudes. In addition, surveys with light traps are
performed once or few times throughout the summer, and moth community assemblage results
maybe biased by temporal variatifnintott et al., 2014)

Foodbased semiochemicals have been evaluated as lures to detect, monitor and manage
noctuid moths, as these cues attract bothssekeothgJoyce and Lingren, 1998n contrast to
light trapping food baittraps can remain in plat¢eroughout the growing seastmsurvey moth
populations and gather information on seasonal flight patterns. Fethsergars were some of

the first food baits used to monitor the diversity of Lepidoptdtao and Eriksson (1977)
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trapped several macrolepidopteran species with single chemical and blends of volatile
compounds from fermented sources of multiple sugdrs.cfemical mixture of two fermented
sugar byproductsacetic acid and-ghethyt1-butanol (AAMB), has been used to monitor the
diversity and abundance of moths in multiple cropping sysf{eargolt et al., 2007, 2011)
Several pest species from the cutworm and armyworm complex are attracted to AAMB lures,
including the bertha armywornvMi@mestra configurat&Vvalker) (Landolt, 2000) true armyworm
(Mythimna unipunctdHaworth]) (Landolt and Higbee, 2002)nd the redbacked cutworm
(Euxoa ochrogastdiGuenée]jLandolt et al., 2007)Feeding attractants based on volatiles from
flowers visited by noctuidhoths as adult food sources have been used to monitor populations of
the cabbage loopeT(ichoplusia ni[Hlbner]) (Cantelo and Jacobson, 1978lfalfa looper
(Autographa califonica [Speyer])(Guédot et al., 2008)nd the soybean loopeCiirysodeixis
ubcludengWalker]) (Meagher Jr, 2001aplthough fermented suag baits and floral volatiles
lures attract a broad group of noctuid moths, there may be differences in preference to food
baed semiochemicals by differemigidoptera taxa.

The main goal of this project is to develop a fd@sed semiochemical lurerwonitor
the cutworm and armyworm pest complex in the Canadian Prairie agroecosystemis. First,
determined the attractiveness of AAMB baited traps compared to unbaited traps and sex
pheromonebaited traps (Chaptd). Second] measured the attraction oetiMNAMB lure in
combination with additional foetased semiochemicals (ChapterHere,| report on the
diversity and abundance of noctuid moths trapped with food bait lures based on volatiles from
fermented sugar baits fproducts. The first objective tiie study was to evaluate differences in
species composition of moths sampled in two cropping systems, cBnaésita napus.)

(Brassicaceae) and wheadtriicum aestivuni.) (Poaceae), in Alberta. The second objective was
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to determine differences in lepidopteran taxa, specifically moths within the subfamily Noctuinae,
attracted to AAMB lures alone and with additional chemical compouespite the important

role of noctuid moths in prairie ecosystems, information on tipaatnof agronomic practices on

the status of moth diversity and abundance in agricultural ecosystems is lacking. Moth
community composition can be used as a bioindicator to reflect the state of disturbance of

agricultural ecosystems or to improve managemn#ategiegOlfert et al., 2002)

Materials and Methods
Study Area
A series of experiments to develop feoased monitoring tool®r noctuid moth

diversity were conducteid 2014 and 2015 in wheat and canola fields located in the Aspen
Parkland Ecoregion of Alberta, Canada. The landscape in this region is characterised by
extensive agricultural plains with discontinuous clustettseshbling aspenRopulus tremuloides
Michx) (Salicaceae) and balsam popRr palsamiferd..) trees(Shorthouse, 20105even sites
were selected for moth monitoring across central Alberta, dispersed over an area of
approximately 7 80 km? in five countiesTable 52). Siteswere separated by at least 20 km
from other experimental sites. Each site consisted of a canola field paired with a wheat field,
separated by a minimum of 500 m. All experiments were conducted at the same seven sites each
year. Due to crop rotation practi a canola field in the first year was rotated to wheat in the
second year.
Lures

Two types of lures were used to attract noctuid moths in all experiments: synthetic sex

pheromone lures and custamade fooebased semiochemicals. Sex pheromone lurestiagge

19¢€



different pest species of cutworm and armyworm moths were used in different experiments
(Table 53). Sex pheromone blends for each of the target species were prepared and loaded onto
pre-extracted red rubber septa; prepared by Contech Enterprise Inc. (Delta, BC). Food bait lures
were prepared in the laboratory, following the methods of Landolt &C4l7]. The AAMB lure
consisted of acetic acid aneh@thyl1-butanol in a 50:50 by weight mixture [glacial acetic acid
(99.7% purity) Fisher Scientific, Fair Lawn, N3n#ethyl1-butanol (98.5% purity) Sigma
Aldrich, St. Louis, MO]. The AAMB chemical mixta was dispensed into a 15 mL narrow
mouth Nalgene HDPE bottle (Thermo Scientific, Rochester, NY) with two cotton balls inserted
at the bottom. Each bottle received 10 mL of AAMB chemical mixture. A 3.0 mm diameter hole
drilled in the centre of the botteap allowed for release of volatiles.
Monitoring and moth identification

Non-saturating green universal moth traps (Unitrap, Contech Enterprise Inc. Delta, BC)
were employed in all experiments. Traps were positioned 1.5 m above ground, spaced 25 m apart
in a linear transect positioned approximately 5 m from the field edge. Unitraps were baited with
either a sex pheromone or a food bait lure. Sex pheromone lures were placed inside baskets
positioned under the roof of the unitrap and were replaced everwémks. Food bait lures
were secured to the inside wall of the unitrap buckets with atiwiahd were replaced every
two weeks. An insecticidal strip of Hercon Vaportape Il (10% dichlorvos) (Hercon
Environmental. Emigsville, PA) was placed inside theket of each trap to kill captured
insects. Insecticidal strips were replaced every four weeks.

Insecttrap catchwas collected every week in plastic bags, labelled and frozeRGHC
until it was sorted and identified. In the laboratory, ntotip catchand Hymenoptera bgatch

were separated from other arthropods. Moths were separated by sex and pinned. If noctuid moths



were in poor condition (i.e. no scales on wings or missing body parts), genitalic dissections were
performed following the methodsy Hardwick (1950) To dissect the genitalia, abdomens were
removed from moths and immersed in 1 mL potassium hydroxide solution (10 % KOH w/v)
(Biosev, Frenchtown, NJ) in 1.8 mL glass vials (Fisher Scientific, FamnlL&lJ) for 48 hours to
dissolve organs and fatty tissue. Moth genitalia were spread and mounted on cardstock (2.0 x 0.5
cm) with Euparal mounting medium (Bioquip Products Inc. Rancho Dominguez, CA). Moths

were identified to species through wing maculagod/or morphological characters of genitalia
foll owing taxonomic keys from AThe Moths of A
(Lafontaine, 1987, 1998, 2004, Lafontaine and Robert, 1991, Mikkola et al., 2009)

Identifications were verified using comparisamsh reference collections at the E. H. Strickland
Entomological Museum (University of Alberta, Edmonton, AB).

Pinned moths in the best condition and mounted genitalia dissections from each identified
species were selected as voucher specimens andtedpothe E. H. Strickland Entomological
Museum Department of Biological Sciences, University of Alberta, Edmonton.

Experiment 1i Diversity of moths attracted to food bait (AAMB) lures

Experiment 1 evaluated the diversity and abundance of noctuid matbtacted to AAMB
lures. Capture of moths from AAMBaited traps was compared to that in unbaited control traps.

In addition, sex pheromosmited traps of several cutworm and armyworm pest species were
deployed to ensure target moths were present ifieldeat the time of the experiment. Unitraps
were baited with either: redbacked cutworm (RBC) pheromone, bertha armyworm (BAW)
pheromone, true armyworm (TAW) pheromone, army cutworm (ACW) pheromone, AAMB lure
or left unbaited. The six baited traps weosifioned in a linear transect, as described above, in

random order in both canola and wheat fields at each of the seven sites. The experiment was
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conducted from 10 June to 10 October 2014. Sex pherchuatesl traps were deployed in the

field according tdhe flight period othe target moth specie$dble 53), while the AAMB- and
unbaitediraps remained in the field throughout thevi@ek sampling period. Moths captured in
the differently baited traps were identified to species and analyses were conducted on the total
number of moths trapped over the sampling season.

First, | determined th specificity of the sex pheromone lures to monitoretangoths.

Trapcatch was separated into two groups: taaget nortarget moths, and thgercentage of

target moths captured in sex pherombaéed traps was calculated from the total moth trap
catch([total number of target most total mothtrap catchx 100). Lure specificity was

analyzed in a binomial count model in which the response variable is\&ettar object

comprised of the count of target moths (success) as the first vector and thefcuwtarget

moths (failure) as the second vector. The-tx@otor response variable was analyzed in a
generalized Iinear mixed model with binomial
R package -1 (Bates4t@l., 2015Crodand sex pheromone lure were specified as
explanatory fixed variables and site as random block f§€adle 51).

Several analyses opared the total capture of moths in AAM#&hd unbaited traps. A
normetric multidi mensi oCuarlt isscéaldinsgt a NNcMED)S , a niaBlr yas
to: 1) determine the diversity of moth species attracted to the AAMB lure in comptaritat
in urbaited control trapsand 2) to evaluate differences in moth species composition sampled
with AAMB -baited traps positioned in canola and wheat fields. Apayametric permutation
anal ysis of wvariance (ADONI S, n Barigigndnmibthst anc e
species composition explained?{Ry crops and bait treatment (AAMB or unbaited).

Additionally, two analyses of similarities (A



determine differences in moth diversity and abundance based on crop and trap bait treatment.
The first ANOSIM compared the capture of moths from traps in canola fietdegein wheat

fields, while the second ANOSIM compared the ntogip catchn AAMB -baited trapsand

unbaited traps. ANOSIM analysis compares the mean rank distances between and within the
levels of a factor. If the levels of a factor are significantly different, then the dissimilarities
between levels is greater than the dissimilaritighinvlevels (ANOSIM statistic: Rralue = 1.0;

p < 0.05). Similar analyses were conducted separately on species from the cutworm and
armyworm pest complex to determine the effectiveness of AAMB traps in comparison to
unbaited traps.

Moth trap catchn AAM B baited traps was grouped by family and subfamily to compare
differences in attraction to food bait lures by moth taxonomic group. An independent analysis
was conducted on the total number of Noctuinae moths by tribe that compared themoth
catchfrom AAMB to that in unbaited traps. Noctuinae mathp catchwas analyzed in a
generalized Iinear mixed model ( Negative bino
command in the R-1p(Batek et gl.e201bCropebditttreatmertt (AAMB or
unbaited) and Noctuinae tribe were specified as explanatory fixed variables and site as a random
block factor(Table 51).

Experiment 2i Diversity of moths attracted to AAMB luresith additional foodbased
semiochemicals.

Experiment 2 evaluated the diversity and abundance of moths attracted to AAMB lures
with additional chemical compounds. The tested chemicals were an diarhdermented
sugar bait byproducts, 2nethyt1-propanol (MP) (> 99% purity) (Acros Organics, Fair Lawn,

NJ), and a floral volatile, phenylacetaldehyde (PAA) (> 98% purity) (Acros Organics, Fair
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Lawn, NJ). Treatments included: AAMB alone, AAMB+MP, AAMBAA, AAMB+MP+PAA

and an unbaited trap served as control. All lures were prepared in the laboratory in a mixture of
equa proportions by weightTable 53). Ten millilitres of the chemical mixtures were loaded in
Nalgene HDPE bottles, as previously described, with a 3.0 mm diameter hole in each bottle cap
for release of the volatile chemical mixture. Bottles were secured to the inside wall of the unitrap
bucket with a twisttie and were replaced every two weeks. In addition to the different food bait
lures, sex pheromorwaited traps targetingBC, BAW, PWCandTAW were deployed to

ensure target moths were present in the field airineof the experimer(frable 53). The nine

baited traps were positioned in a linear transect in random order in both canola and wheat fields
at the seven sites. The experiment was conducted from 22 June to 15 Septembéo@Qib.
mothtrap catchper baited trap was idengfil to species and analyses were conducted on the total
number of moths captured over the sampling season. Results focused on comparing the moth
trap catchfrom the different food bait lures and unbaited traps.

A nonrmetric multidimensional scaling (NMD&,Br-@Gwyr t i so0 di st ance) an
conducted to: 1) determine differences in diversity of moths attracted to the AAMB lure with
additional chemical compounds; and 2) to evaluate differences in moth species composition
sampled in canola and wheat fieldsnon-parametric permutation analysis of variance
( ADONI'S, ABrayo distance) was conducted to de
composition explained @by crops and lure types. Additionally, two analyses of similarities
( ANOSI M, isiaice)avgredcomtiucted to determine differences in moth diversity and
abundance within two factors: crop and lure type. The first ANOSIM compared the diversity of
moth capture in traps deployed in canola fields to that from traps deployed in wheawiidlels,

the second ANOSIM compared the diversity of mo#p catctamong the lure types. Similar
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analyses were conducted separately on the species from the cutworm and armyworm pest
complex to determine the diversity of trap capture in response to AAMB Wwith an additional
fermented byproduct or floral volatile.

Moth trap catchwas grouped by family and subfamily to estimate differences in
attraction to the AAMB lure with additional chemicals among the moth taxonomic groups.
Furthermore, an independeamalysis was conducted on the total numbers of Noctuinae moths
by tribe that compared mothap catchin the different food bait lures and unbaited traps.
Noctuinae motlirap catchwas analyzed with a generalized linear mixed model (Negative
binomialfam | y di stri bution) with the o6gl mé/r. nbod
(Bates et al., 2015). Crop, lure type and Noctuinae tribe were specified as explanatory fixed

variables and sites as random block fa¢i@ble 51).

Results
Experiment 1i Diversity of moths captured in AAMB baited traps.

Euxoa ochrogasteRBC, was the most abundant species among the target pests.
Redbacked cutworm sex pheromone baited traps captured on average 1,077.5 + 4RBE(SE)
males per site throughout the sampling perMdmestra configurataBAW, was the second
most abundant target species. Bertha armyworm sex pheromone baited traps captured 89.7 +
33.9BAW males per site throughout the sampling pergthimna unipunctaTAW, andE.
auxiliaris, ACW, were the least abundant target species. True armyworm sex pheromone baited
trap captured on average 1.4 + AW males, whereas army cutworm sex pheromone baited

traps captured on average 0.4 £+ @AW males.
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Sex pheromoneluse had simil ar specificity %=n both
0.29, df = 1, p = 0.591). Sex pheromon’e lure
24247, df = 3, p < 0.001) (Figure . Redbackedutworm sex pheromone lures had tighkst
specificity, in whichRBC represented 95.2 % of the total mathp catchPlusia putnamiGrote
(Lepidoptera: Noctuidae) was the most abundanttagget species in redbacked cutworm sex
pheiomone baited traps (3%) (TableS3).Plusia putnamimale moths were captured in RBC
sex pheromone baited traps in early summer, from 30 June to 05 AugusE&wdslerogaster
male moths were captured in RBC sex pheromone baited traps later in the summer, from 22 July
to 10 October. Bertha armyworm sex gmaone lures were less specific, but 63.3% of the total
trap capture veBAW. Apamea cogitatéSmith) (Lepidoptera: Noctuidae) was the second most
abundant nottarget species iBAW sex pherorane baited traps (26 %) (Tablesd).Mamestra
configurataandA. cogitatawere captured in BAW sex pheromone baited traps from 24 June to
29 July.

Army cutworm sex pheromorieapshad low specificity, in whictACW represented only
28.4 % of the total mottvap catch This low specificity, however, may be influencedtbg low
population density of the target species across all fields. Army cutworm sex pheromone baited
traps captured on average 2.1 + 1.8 (SE) moths across all sites throughout the season. True
armyworm sex pheromone lures had the lowest specificifyA%¢ represented 0.3 % of the
total mothtrap catch True armyworm sex pheromabaited traps captured high numbers of
RBC (67 %),Helatropha reniformisGrote (Lepidoptera: Noctuidae) (12 98), inficita Walker
(10 %) andAnarta trifolii (Hugnagel) (Lepidptera: Noctuidae) (4 %) (Table&1). The low

capture ofTAW male moths in sex pheromone baited traps may be a oésbé low specificity
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of the synthetic pheromone lure or the low population density of the target species across all
fields.

AAMB baited traps captured on average 70.6 + 18.1 moths per site throughout the
sampling period, whilenbaitedraps captured 18.4 + 10.3 moths per site. In total 54 macro
Lepidoptera species were captured BMMB and unbaitediraps (Table 52). Crop tye
explained only8 % of the variation in species composition (ADONIS=R0.03; p = 0.34), while
lure type explained 15% of the variation in species composition (ADORISRL5; p = 0.001).
There was no difference in species composition of moths captunegs deployed in canola or
wheat fields (ANOSIM R = 0.01; p = 0.267), as dematst by the overlapping ellipsé the
NMDS plot (Figure 8). Only one specied/ythimna oxygaldGrote) (Lepidoptera: Noctuidae),
was more abundant in traps positiomredvheat fields over canola. AAMBaited traps captured
a higher diversity of moths thambaitedtraps (ANOSIM R = 0.365; p = 0.001), as shown by the
non-overlapping elpses in the NMDS plot (Figure-B).

Moths within the Noctuidae family were the mdsterse and abundant group attracted to
AAMB -baited traps (47 spp). Other moth families included Drepanidae (1 sp.), Erebidae (1 sp)
and Sphingidae (1 sp), however, moths from these families were captured in lowsiimmbe
AAMB -baited traps (Table-52).Noctuinae moths were the most diverse and abundant
subfamily attracted to the AAMB lure (44 spp), while only a few specimens from Plusiinae (1
sp) and Acronictin@ (2 spp) were captured (TabksS2). Moths from eight Noctuinae tribes
were captured in AAMBbaited traps. Apameini moths were the most diverse and abundant tribe,
followed by Noctuini moths (Figure®A & B). Moth from the tribes Leucaniini, Eriopygini,
Tholerini and Hadenini were trapped in lowers numbers, while Xylenini and Caradrinini moths

were the least represented tribes. The most abundant specieéd\parea cogitatgls. 4 %),
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Enargia decolo(Walker) (14 %)Amphipoea interoceanicamith(12.4 %),Feltia jaculifera
(Guenég (7.9%),RBC (7.9 %),Helatropha reniformigGrote) (5.3 %) andpamea devastator
(Brace)(3.1 %).

An independent analysis compared the total numbers of Noctuinae moths by tribe
captured in AAMB andunbaitedraps. AAMB-traps captured more Noctuinae moths in wheat
fields than canola, whereasbaitedraps captured siilarly low numbers of Noctuinae moths in
both crops ( cr o’p8.78,df=ulf pe= 0.008)pNoctuinséariottis were found in
higher numbers in AAMB thaanbaitedraps, except for moths from the Caradrinini tribe that
were found in similaflyd w numbers in both trap?=732pdfs (Il ure
7, p > 0.001).

AAMB -baited traps captured a higher diversity and abundance of species of the cutworm
and armyworm pest complex compareditdaitedraps (ANOSIMR = 0.400; p = 0.001)

(Figure 55). These pests represented on average 42.60 % of the totarapotatchn AAMB -
baited traps per site. The most abundant pest species includgchtilgerry cutwormA.
interoceanicy, RBC, dingy cutworm FE. jaculifera), glassy cutwormA. devastatoy, TAW and
bronzed cutwormNephelodes miniarGuenée). The less abundant species captured were the
BAW, bristly cutworm [Lacinipolia renigeraStephens]), spotted cutworKéstia enigrumL.),

the invasive pest winter cutworrNg¢ctua pronubd..), white cutworm Euxoa scandens

[Riley]), yellow-headed cutwormApamea amputatrijFitch]) and olivegreen cutworm

(Dargida procinctusGrote). Dusky cutwormAgrotis venerabilidValker) was also captured in
AAMB -baited trapsN low numbers, however, one duskycutworm moths were found in

unbaited than AAMBDbaited traps.
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Lastly, a large number of pollinatodmbusspp) were captured in the various sex
pheromonebaited traps compared to AAMB lurand unbaited traps, whereas a large number of
vespid vasps (Vespidae) were captDran AAMB -baited traps only (Chapter 3).

Experiment 2i Diversity of moths attracted to AAMB luresith additional foodbased
semiochemicals.

Trapsbaited with AAMB and AAMB+MP lures captured double the total number of
moths agraps baited with AAMB+PAA and AAMB+MP+PAA, whereasbaitedraps had the
lowest mothtrap catch{ Wa I? €26%63, df = 4, p < 0.001) (Figure®). AAMB and
AAMB+MP -baited traps captured on average 173.4 £ 45.34 and 163.25 £ 46.41 (SE) moths per
site, while AAMB+PAA and AAMB+MP+PAA-baited traps captured 82.5 + 19.4 and 83.1
21.91 moths per sitélnbaitedtraps captured on average 12.4 + 1.5 moths per site throughout
the sampling period. In total 76 madrepidoptera species were captured irtralps aross all
sites (Table 83). Crop explained 2 % of the variation in species composition (ADORES R
0.02; p = 0.059), while lure type explained 16% of the variation in species compaosition
(ADONIS R = 0.16; p = 0.001). The species composition oftra@gptured in traps wasimilar
in both canola and wheat fields (ANOSIM R = 0.00; p = 0.282). Food bait lure traps captured a
higher diversity and abundance of moths compareshbaitedraps (ANOSIM R = 0.20; p =
0.001), however, the species composition of moths did not vary among the traps baited with the
different food bait lures (ANOM R = 0.01; p = 0.287) (Figure B).

Moths within the Noctuidae family were the most diverse and abundant group attracted to
food bait lures (67 spp). Othlpidopterarfamilies included Erebidae (3 sp), Sphingidae (2
spp), Cambridae (1 sp), Geometridae (1 sp) and Hesperiidae (1 sp), hdaxevermber of

individuals from these families were captured in the traps with differentifaibdure
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combinations (Table-53). Noctuinae moths were the most diverse subfamily attracted to the
food bait lures (62 spp), while only a few specimens fraumsifpae (4 spp) and Acronictinae (1
sp) were capted in the baited traps (TableSB). Moths from eight Noctuinae tribes were
captured in the different food bait traps. Apameini moths were the most diverse and abundant
tribe, followed by Noctuini and Espygini moths. Moth from the tribes Leucaniini, Tholerini
and Hadenini were trapped in lowers numbers, while Xylenini and Caradrini tribes had the
lowest numler of species captured (Figure3p

An independent analysis compared the total numbers of Noetmioths by tribe
between the different food bait traps amtbaitedraps. There was a marginally significant
interaction between crop a% 040 dixdep=20PFeThécr op
different food bait lures captured similar nurrdef Noctuinae moths in canola fields, and the
trap catch from the different food bait lungas significantly higher than mnbaitediraps. In
contrast, the different food bait traps caught more Noctuinae motharbaitedraps in wheat
fields. In aldition, more Noctuinae moths were captured in AAMB and AAMB+MP baited traps
compared to that in AAMB+PAA and AAMB+MP+PAA baited traps. Furthermore, there was a
significant interaction between?xl7.48pdf&md Noct
= 0.016) that impacted moth capture. More Apameini, Eriopygini and Leucaniini moths were
captured in traps positioned in wheat fields over canola, while moths from the tribes Noctuini,
Hadenini, Tholerini, Xylenini and Caradrini occurred equally ap$ positioned in both crops.
Lastly, the response of Noctuinae moths to food bait lures was dependent on the tribe (lure type
T tri b&=s130Wa dfe 28 p < 0.001). AAMB and AAMB+MB lures attracted more
Apameini, Hadenini and Tholerini moths thiaaps baited with food baitsith

phenylacetaldehyde (Figuredd\, E & F). Noctuini, Eriopygini and Leucaniini moths were



similarly captured in all traps badevith food bait lures (Figure-8B, C & D). The number of
Caradrini and Xylenini moths did ndiffer between the food baitde andunbaitedtraps (Figure
5-9G & F).

Traps baited with AAMB lures with additional fodzhsed chemicals captured a higher
diversity of the species in the cutworm and armyworm pest complex compangokitedraps
(ANOSIM R =0.16; p = 0.001 Traps baited withAMB and AAMB+MP lures captured
slightly lower proportions of pest species (43.1 % and 46.1 %, respectively) out of the total moth
trap catclthan traps baited with AAMB+PAA and AAMB+MP+PAA lures (41.7% and 37.2%,
respect i vée$ype, df Wa p <l0.081). Several cutworm species, however, were more
attracted tAAMB and AAMB+MP lures than lures with phenylacetaldehyde, including the
dingy cutwormRBC, glassy cutworm, strawberry cutmo and bronzed cutworifrigure 510).

Lastly, the addition of phenylacetaldehyde to AAMB lures increased pollin&onskus
spp.) bycatch in baited traps, whereas traps baited with AAMB and AAMB+MP capture a large

number of vespid wasps (Vespidae)datch (Chapter 3).

Discussion

The vast majority of noctuid femafgoduced sex pheromasare a blend of straight
chain ¢)-alkneols,-alkenals oralkenyl acetates of even carbon numbers (10 throug(Si€gk
et al., 1982h)Depending on the species, noctuid females can produce complex blends of up to
seven chemical compoun(Badeke et al., 2016Althoughindividual componentsf sex
pheromone blends may be similar in some Noctuid species, specificity of the chemical signal is
achieved by the specific ratio of the individual components or single structural alteration of one

or more chemical componer(Steck et al., 1982b)
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Femaleproduced sex pheromones have been identified for most cutworm and armyworm
pest species the Canadian Prairi¢Steck et al., 1982bpDifferences in specificity of the sex
pheromone lures testéeérecan be explained by the profile thie synthetic pheromone blesdf
the commercial lures. The standard f@omponent RBC sex pheromone lure had the highest
specificity (95 %) in baited traps oentralAlberta. A similar RBC lure specificity (> 99%) was
repored in a noctuid pest survey iaughern Alberta from 1978 to 198Byers and Struble,

1987) Therefore, the foucomponent lure is anptimumsynthetic pheromone dahd to attrack.
ochrogastemale mothgStruble, 1981)FurthermorelP. putnamithe most dominant netarget
species captured in RBC sex pheromone baited traps (3%), shares the same components of the
female sex pheromone blentiRBC at different ratiogSteck et al., 19824y able 54), and

thus,P. putnamis attracted to RBC sex pheromone baited traps. Diffesgndight phenology

may be a more important reproductive isolating mechanism than sex pheromone blend for both
speciesPlusia putnamflies early in the summer, whiRBC flies from midsummer to early

fall (Lafontaine, 1987, Lafontaine and Robert, 1991)

The standard twoomponent BAW sex pheromone lure has relatively low specificity (63
%) in baited traps isentralAlberta. In additionApamea cogitatahe most dominant netarget
species captured in BAW sex pherombaged traps (26%), shares the same components of the
female sex pheromone blendB&W (Steck et al., 1982[)rable 54); and thusA. cogtata is
attracted to BAW sex pheromone baiteps. A noctuid pest survey inwghern Alberta
reported a similar specificity of the standard twamponent BAW sex pheromone lure (68 %)
and the presence 8f cogitataas the dominant netarget specie@yers and Struble, 1987)

Two additional trace componentsBAW female sex pheromone blend werenitféed to

enhance the attraction of male mofBgruble et al., 1984)he fourcomponent blend increased



BAW attraction by 1.5old and reduced thA&. cogitataby-catch, however, the foumomponent
blendattracted other netarget species in similar numbers as the standargomponent blend
(Byers and Struble, 1987)he twecomponent BAW sex pheromone lure remains as the
standard lure for monitorinBAW across the Prairie Provinces.
The standard threeomponent ACW sex pheromone lure has very low sp#gi{i28 %)
in baited traps icentralAlberta. In contast, a noctuid pest survey ioughern Alberta reported a
high specificity (> 99 %) of the standard thh@amponent ACW sex pheromo(®yers and
Struble, 1987)Army cutworm sex pheromone baited traps captured very low numbers of moths
(2.1 moths = 1.8 SE per site), and thus, the low specificitynefgect a low population density
of ACW in centralAlberta in 2014 and not a low efficiency of the synthetic pheromone lure.
Four components have been identified AW female sex pheromone ble(steck et al.,
1982c)(Table 54), howeverthe TAW sex pheromoneommercial luraised in the current study
containedbnly the main component of the sex pheromone ble)dl I-hexadecenyl acetate.
The onecomponent TAW sex pheromone lure has extremely low specificity (0.3 %) and baited
traps captured very low numbersTAW male moths in entral Alberta. Nortarget species
were capture at high numbers, includRBC (67 %),H. reniformis(12 %),A. inficita (10 %)
andA. trifolii (4 %). The main component of the female sex pheromonénltifereniformisand
A. trifolii is the same aBAW (Steck et al., 1982[{fable 54), and thus, both noctuid moths are
attracted to theree-component TAW sex pheromone baited trap. Although the sex pheromone
blend ofRBC s different from the blend oFAW, RBC was the most abundant the most
abundant nottarget species in TAW sepgheromone baited trapglythimna unipunctas rarely
a common species in Alberta and sporadic infestations occur from moths that migrate from the

south in springFields and McNeil, 1984however] cannot conclude that the low trap catch of
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TAW in sex pheromone baited traps reflexisw population density ioentralAlberta in 2014.
In contrast, the large number of Atarget noctuid moths captured in TAW sex pheromone
baited traps indicate a low efficiency of the synthetic pheromone lure to monitor thep&siget
Therefore, thesinglecomponent TAW sex pheromone lure is not an optimum synthetic
pheromone lure to attrabt. unipunctamale mothgTurgeon et al., 1983)

In total, 67 kepidoptera species were captured in traps baited with a food bait lure based
on volatiles from fermented sugar baitpyoducts. Although more moths were captured in
wheat fields compared to canola, there was no difference in the species composititimsof mo
sampled in canola and wheat fields, which suggests a common moth species diversity in
agroecosystems in central Alberta and/or significant dispersal capacity across agricultural
landscape. A biodiversity survey in several farms in Sweden showed ¢easspchness of
butterflies and rove beetles did not differ by cropping system, buiespschness generally
increasedvith landscape heterogeneity at a farm scale I@veibull et al., 2003)Noctuid
moths are strong flyers and are capable of dispersing over long distances. For instance, marked
individuals ofSpodoptera frugiperdéSmith) (Lepidoptera: Noctuidae) were recaptured at a
maxmum distance of 806 m for males and 608 m for females acrossZzamays..)

(Poaceae) fieldgvilarinho et al., 2011)Similarly, a markrecapture experiments bieliothis
virescengFabricious) (Leidoptera: Noctuidae), showed that moths can disperse up to 30 km
from the release poiriSchneider, 1999)

Moths from the family Noctuidae were the most diverse and abundant lepidopteran taxa
captured in AAMBbaited trapswhereaonly a few species from the families Erebidae,
Geometidae, Sphingidae and Cambridaere captured in low numbers. The lack of capture of

other lepidopteran taxa, outside Noctuidae, may be because taxa are not present or are not
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attracted to AAMB lures. fie distribution of lepidopteran taxa sampled with AAM&ited traps

is representative of the proportion of species in each family of Lepidoptera present in grassland
habits within the Prairie Ecozones. Noctuidae represents 80 % of the totallrepaioptea
diversity in grasslands habitats in the Canadian Prairies, followed by Erebidae with 10 % and
Geometridae with 9 YPohl et al., 2014 )Furthermore, the range of lepidote taxa captured

in AAMB baited traps in the Canadian prairie agroecosystems is similar to that of the
lepidopteran taxa captured in AAMBaited traps in apple orchards in Washindglamdolt and
Hammond, 2001&nd horticultural gardens in Alaskaandolt et al., 2007)Moths from

different families differ in their attraction to specific compounds from fermented sugar bait by
products. For insince, more Geometridae moths were captured in traps baited with ethyl

al cohol , -pheny dlcohiolpwhile Nocthidae moths were captured at low numbers
(Utrio and Eriksson, 1977)n contrast, a large number Noctuidae moths were captured with
food baits based on acetcid and anethytl-methanol, while Geometridae moths were
captured at low numbe(Btrio and Eriksson, 1977The nonitoring experiment icentral

Alberta in 2014 shows a similar distribution of lepidopteran taxa in traps baited with AAMB
lure.

Noctuinae moths were tmost diverse and abundant noctuid subfamily attracted to
AAMB lures, with the majority of species and the highest number of captured moths were
represented in the tribes Apameini and Noctuini. The most abundant species captured in AAMB
baited traps in 2014A. cogitata was also reported as the most abundant noctuid species
attracted to AAMB lure in baited traps in Alastandolt et al., 2007)Several cutworm and
armyworm pest species were captured in AARHted traps in comparison to unbaited traps in

2014. TheRBC, dingy cutwormglassy cutworm, spotted cutworm, yelldwead cutworm and
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the olivegreen cutworm have also been captured in AAbHted traps in noctuid moth survey
in Washington and Alaski@andolt and Hammond, 2001, Landettal., 2007)however, these
surveys did not inadean unbaited control trap to determine if these cutworm species are
significantly attracted to AAMB lures.

A second experiment evaluated the addition of other-bs®d semiochemicals to
AAMB luresto enhance the attraction of cutworm and armyworm pests in Z0gXistribution
of lepidopteran taxa sampled in traps baited with the different food baited lures in 2015 shows a
similar pattern as the survey in 2014. The large difference in the totddenof moths captured
in traps with AAMB alone and additional alcohol compared to baited traps with additional
phenylacetaldehyde was mainly influenced by the lack of captukeaafgitatamoths in baited
traps withtheadditional floral volatile. Likewse,moreA. cogitatawerecaptured in AAMB
baited traps compared to floral volatibaited trapgLandolt et al., 2011)

A similar number of cutworm and armyworm species were found in traps baited with
different food bait lure types, however, more noctuid pests were attracted to food bait lures from
fermented byproducts than flolavolatiles, specifically thelingy cutwormRBC, glassy
cutworm, strawberry cutworm, bronzed cutworm and yelt@&ad cutworm. Similar patterns
have been reported for the glassy cutworm and dingy cut{lcandolt et al., 2011)

In summary, the AAMB lure hasdvantageand disadvantages as a potdribal to
surveys and monitaroctuid moths. This study shows the broad attraction of acetic acid and 3
methyt1-butanol to a large number of noctuid moths, and thus, food baits based on fermented
by-products can be used to determine diversity of moth within the Noctuinae subfamily i
agroecosyster(Suissenbach and Fiedler, 1999gveral noctuid pest species are attracted to

AAMB lure, and therefore, this food bait can be implemented as a ¢g&mrerto monitor the
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presence, abundance and flight activity of cutworm and armyworm in the Canadian Prairies. The
addition of phenylacetaldehyde did not enhance the attraction of noctuid pest species, and some
cutworm speciewereless attracted to fodahaits with floral volatiles. The general response of
noctuid moths to AAMBbaited traps may pose a concern for monitoring noctuid pests because
nontarget Lepidoptera will increase the time sorting specimens and require specialized

knowledge to identify idividuals.
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Figure 5-1. Sex pheromone lure specificity (Experiment 1) expressed as percentage (%) of target

species captured in sex pheromduaéted traps from the total mottap catchRBC = redbacked

cutworm Euxoa ochrogastgr BAW = berthaarmyworm (Mamestra configurata TAW= true

armyworm Mythimna unipuncta ACW = army cutwormBuxoa auxiliarig.
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Figure 5-2. Non-metric multidimensional scaling (NMDS) for the diversity of moths sampled in

canola and wheat fields at seven sitesentral Alberta (Stress = 0.265° R0.511).
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Figure 5-3. Non-metric multidimensional scaling (NMDS, Stress = 0.265:R.511) for the

diversity of moths attracted to AAMB lure (acetic acid antiéhtyt1-butanol) compared to

unbaited trap.
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Figure 5-4. Diversity and abundance of Noctuinae moth by tribe captured in AAMB (Acetic
acid and amethyt1-butanol) baited traps. (A) Barplot of the total number of Noctuinae species
by tribe. (B). Boxplot of the total number of Noctuinae moths by tivhdline indicates the
median; the top and bottom of the box indicates the first and third quartiles, respectaiy)

line or whiskers represent the 1.5 interquartile range of the data or the maxitoenopan

circles represent points more than 1.5 timesntexguartile range
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Figure 5-5. Non-metric multidimensional scaling (NMDS, Stress = 0.209=R.656) for the

diversity of cutworm and armyworm species attracted to AAMB lure (acetic acid-anath®/+

1-butanol) compared to unbaited traps.
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Figure 5-6. Boxplots of the total number of moths captured in AAMB lures with and without
additional chemical compounds. Midline indicates the median; the top and bottom of the box
indicates the first and third quartiles, respectivesyrtical line or viiskers represent the 1.5
interquartile range of the data or the maximurnuegaopen circles represent points more than 1.5
times the interquartile rang&he tested chemicals were an alcohol from fermentegutdgucts,
2-methyt1-propanol (MP), and a flat volatile, phenylacetaldehyde (PAA). Treatments

included: AAMB alone, AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap

that served as control. Means comparisons were performed for difference in moth trap catch in
traps baited with the different fooaib lures. Boxplots marked with different letters are

statistically different (Tukey method, U =

22C



Figure 5-7. Non-metric multidimensional scaling (NMDS, Stress = 0.214=R.7182) for the
diversity of moths attracted to AAMB lureith and withoutadditional chemical compounds.
The tested chemicals were an alcohol from fermentgarbgucts, 2methyt1-propanol (MP),
and a floral volatile, phenylacetaldehyde (PAA). Treatments included: AAMB alone,

AAMB+MP, AAMB+PAA, AAMB+MP+PAA and an unbaited trap that served as control.
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