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Abstract

Stored productplay a significant role in both the economy and global food security.
However,asstoredproductsproceed through the pelsarvest supply chain, stored product
insectsreadily attack them, resulting in reduced quality and quaotifgod. Pest management
after harvest has relied heavily on fumigation to combat infestations. Howawvegaht options
have become limitedue to increasing insesistance to phosphin@ndregulatory restrictions
onthe use of methyl bromida most settings due to its harmful impact on the ozone layer.
Further thereis increasingonsumer demand for products with minimal or no insecticide usage
throughout the supply chain after harv@stus, therdnas beem push to diversify integrated pest
management programs (IPM) after harvest. One way to intercept insects from the landscape is by
using longlastinginsecticideincorporatedetting (LLIN). Prior work has found that LLIN
causes lethal and sublethal effects in multiple stored product insects. Nonetheless, there is a need
by stakeholders to understand whether LLIN can support phosphine resistance management
programs. In addition, it is importattt understand how to integrate LLIN intomprehensive
IPM programs with existing tactie food facilities, such as fumigation and residual insecticide
usageFurther, itis crucial to know whether LLIN deployment can affect the {targ
dynamics of stored product insects at food facilitidg.project aims to expand the use of LLIN
in the postharvest supply chain by addressing these concerns difdsthg videetracking and
Ethovision software, | have fourekposure to deltamethrin LLIN f@.5, 2, or 60 mimesulted
in substantial and eqglliyaadverse mobility reductions for phosphiresistant and phosphine
susceptible strains diribolium castaneuriierbst (Coleoptera: Tenebrionidaa)dRhyzopertha
dominicaFabricius(Coleoptera: Bostrichidaeln addition, when assessidgltamethrin,

permethrin, indoxacarb, and dinotefu@nsurrogate netting at 1%, most active ingrediént9



were found to suitably induce mortality in both straing ofastaneurandR. dominical also
assessed the movement of larval and adult sexed dermdstigsderma variabild3aillon
[Coleoptera: Dermestidae] afidinclusunle Contg in the presence dbod kairomones and
pheromone$(2)-14-methyt8-hexedecenalafter exposure to LLIN or control nettinGenerally,
the olfaction and orientation of larval dermestids were affected after exposure to LLIN compared
to control nettingOverall, out of 40 possible olfactory and taxis patterns which could be
disrupted, exposure to LLIN interruptedi@8% of these imdultT. inclusumandT. variabile
respectivelycompared to control nettingxposed individual®ur study suggests the use of
LLIN may enhance the effectiveness of other concurrent behavitnadlyd strategieBurther,
in a field bulk storage experimeovter two yearsdatademonstrated thafl IN can reduce the
number of fumigations required byi@8L% while reducing insect dispersal grdgeny
productionby 83 99% and 8D99%, respectivelyThis consistently shows that LLIN use can
enhance fumigation by reducing reliance on it and making the remdumrigations more
effective.Further,our data showed there is a marginal boost of combinimy with two
common residual insecticidg8entanyl™ EC (a.i. deltamethrij) and Evergreeh(a.i. natural
pyrethring, translating to 1020% fewerT. castaneurprogeny produced-inally, | modeledhe
stagestructured dynamics df. castaneunat food facilities with and without two types lof IN
and showed thateploying LLIN may contribute to the local extirpationTofcastaneurwithin
as few as 15 generatioriherefore LLIN (whether deltamethrin or alpf@permethrinshows
promise as a new way to combat stored product pests in and around food facilities, while
diversifying pest management programasd is compatibleith existing tacticsMy research
shouldhelp to speed the adoption of LLIN by stakeholders at food facilities while helping

increase the sustainability of IPafter harvest



Integratinga novel tacticlong-lasting insecticidencorporatechetting into integrated pest
managemenprograms for food facilities

by

Sabita Ranabhat

B.S., TribhuvanUniversity, 2010
M.S., Rutgers University2012

A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OFPHILOSOPHY

Department oEntomology
College ofAgriculture

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2024

Approved by: Approved by:

Co-Major Professor Co-Major Professot
Dr. Rob Morrison Dr. Kun Yan Zhu



Copyright

© SabitaRanabhaf024.



Abstract

Stored products play a significant role in both the economy and global food security.
However, as stored products proceed through thehawsest supply chain, stored product
insects readily attack them, resulting in reduced quality and quantity offlesttmanagement
after harvest has relied heavily on fumigation to combat infestations. However, fumigant options
have become limited due to increasing insect resistance to phosphine, and regulatory restrictions
on the use of methyl bromide in most settidge to its harmful impact on the ozone layer.
Further, there is increasing consumer demand for products with minimal or no insecticide usage
throughout the supply chain after harvest. Thus, there has been a push to diversify integrated pest
management pgrams (IPM) after harvest. One way to intercept insects from the landscape is by
using longlasting insecticidencorporated netting (LLIN). Prior work has found that LLIN
causes lethal and sublethal effects in multiple stored product insects. Nonethetess,a need
by stakeholders to understand whether LLIN can support phosphine resistance management
programs. In addition, it is important to understand how to integrate LLIN into comprehensive
IPM programs with existing tactics at food facilities, s@as fumigation and residual insecticide
usage. Further, it is crucial to know whether LLIN deployment can affect thedomg
dynamics of stored product insects at food facilities. My project aims to expand the use of LLIN
in the postharvest supply chaiby addressing these concerns directly. Using viceeking and
Ethovision software, | have found exposure to deltamethrin LLIN for 0.5, 2, or 6@emilied
in substantial and equally adverse mobility reductions for phospesigtant and phosphine
susceptible strains diribolium castaneuriierbst (Coleoptera: Tenebrionidaa)dRhyzopertha
dominicaFabricius (Coleoptera: Bostrichidae). In addition, when assessing deltamethrin,

permethrin, indoxacarb, and dinotefuran on surrogate netting at 1%, most active ingredients (a.i.)



were found to suitably induce mortality in both straing ofastaneurandR. dominical also
assessed the movement of larval and adult sexed dermdstigsderma variabild3aillon
[Coleoptera: Dermestidae] afidinclusunle Conte) in the presence of food kairomones and
pheromones R)-14-methyt8-hexedecenal) after exposure to LLIN or control netting. Generally,
the olfaction and orientation of larval dermestids were affected after exposure to LLIN compared
to control netting. Overall, out of 40 padsk olfactory and taxis patterns which could be
disrupted, exposure to LLIN interruptedi@8% of these in adul. inclusumandT. variabile
respectively, compared to control nettiegposed individuals. Our study suggests the use of
LLIN may enhance the effectiveness of other concurrent behavitnadlyd strategies. Further,
in a field bulk storage experiment over two years, data dematstiedt LLIN can reduce the
number of fumigations required byi@BL% while reducing insect dispersal and progeny
production by 8899% and 8D99%, respectively. This consistently shows that LLIN use can
enhance fumigation by reducing reliance on it and making the remaining fumigations more
effective. Further, our data showed there is a marginal boost of combining LitHNwe
common residual insecticides, CentdMyEC (a.i. deltamethrin), and Evergré&ga.i. natural
pyrethrins), translating to 180% fewerT. castaneurprogeny produced. Finally, | modeled the
stagestructured dynamics df. castaneumat food facilities with and without two types of LLIN
and showed that deploying LLIN may contribute to the local extirpatidn c&staneurwithin

as few as 15 generations. Therefore, LLIN (whether deltamethrin orapleamethrin) shows
promise as a new way to combat stored product pests in and around food facilities, while
diversifying pest management programs, and is compatible wittingxiactics. My research
should help to speed the adoption of LLIN by stakeholders at food facilities while helping

increase the stenability of IPM after harvest.



Table of Contents

LIS Of FIQUIES. .. e se e e e e e e e e e e e e ammn s e e e e e e eeeeaaaeeeens Xiv
IS o B 1= o] =2 PRSP XiX
ACKNOWIBAGMENTS.....i e eeeer e e e ettt e e e e e e e e ammr e e e e e e eaeeeens XXili
[ To [ o3 11 o] o 1SR XXV

Chapter 1 - Efficacy of long-lasting insecticideincorporated netting in controlling

preharvest and postharvest pest insects: a metnalysis study............cccceeeeeiiiiiieceenns 1
Y 011 = Vo R URSS 2
0T[5 1o o 1SRRI 3
Materials and METNOUS. .......ooiiiiiii e e aner e 7

Data Collection and Literature REVIEW...........uuuuuiiiiiiiiieeeiriiiiiieeeeeeeeeeeeeeesssseeeeeaseaaeeens 7

Data ANAIYSIS. ... it mnn e aaaaes 8
RESUIES. ..ttt e e e e e ettt eree e s e e e e e e e e e e et e et e ettt e n————aeeeeeeatattrann e eannrnnne 8

Direct lethality of LLIN 0N INSECE PESES.....cviiiiiiiieiieiiiiii i 9

Sublethal effects of LLIN 0N INSECE PESIS.......uvviviiiiiiii e eeeer s 10

Case studies for use of LLIN in preharvest systems.............cooevvvieeeeeeieeeeeeeeeeeeiiiinns 10

Case studies for use of LLIN in postharvest SyStems............ccccuuvvrimmmnniniininiriinnnne 12

Immediate efficacy Of LLINS........coooiiiiiieree e 12
Delayed efficacy Of LLINS.......ccoooiiiiiii e 13

The long in the longasting shield...............ooooiiiiieee e 15

Standard materials and active ingredients in LLIN.............coooiiiimmne 17

Exploring Alternative Coating Materials...............ueieiiiiiiieeciiiiiieeeeeeeeee e 17
DY o U 1= (o o OO 18

Critical research gap: field StUAIES.............uueiiiiii e 25

(@0 o Tod 11153 0] 1= 27
] (=] €= o= 29

Chapter 2 - Mobility of phosphine-susceptible and-resistant Rhyzopertha dominica
(F.)(Coleoptera: Bostrichidae) andTribolium castaneum(Herbst) (Coleoptera:
Tenebrionidae) after exposure to controlled release materials with existing and novel

oo 1)Y= T T =T L= £ 55

viii



PN 01 = (X PR SR 56

0o [1 [ 1o ] o RSP PPPPPPP 58
Materials and MEtNOUS. ... ... et eannee 63
EXPerimental INSECLS.........uuuiiiiiiiiiiiiii ettt nene s 63
LILCST= L0 11T 0 £ T PRSPPI 63
Sublethal movement assay for CRIMS...........cccoiviiiiiiieeee e 64
Time to Lethal Exposure Assay with Higher Concentrations on Cheesecloth.......... 65
StatiStiCal ANAIYSIS........oiiiieeeieee e e e e e 66
RESUILS. ...ttt enens bbbt e e et e e e e e e 67
Movement aSSaYR. AOMINICA. .. ...uuuiiiieeieeeeeeietieeeii e e e e e e e e e e et rrne e e e e e e e e eeeeeeeeeeaaaaa a7
Overall Distance Moved MOEL............uuuiiiiii e 67
LLIN -Specific Distance Moved MOdEl............cooooriiiiiccc e 68
Overall VeloCity MOEL..........ccoiiiiiiieiceice et 69
LLIN -Specific Velocity MOEL............oovvimiiiiiiiireeiiviiisne e eeeesiisnneeeeeeeeee e O
Movement assayl. CaASTANEUIM...........uuii i e e e e 71
Overall Distance Moved MOdEL..............uueiiiiiiiiceeiiiieeee e eerreecsnene e L
LLIN -Specific Distance Moved MOdEl..........ccccooeiiiiiiiiieeei e 72
Overall VeloCity MOEL..........coiiiiiiiieeeiee e eeeeee e 72
LLIN -Specific VeloCity MOGEL..........coouiiiiiiiiiiiiceeeee e d 3
Lethality Assay on CheeseclotR: dOMINICA...........oooviiiiiiiiiiiiiene e 74
Lethality Assay on Cheeseclofh. castaneum...........cccooeeiiiiiiiiiceciiiiiie e 74
DY o1 1= (o o PP 75
] (=] €= o =P 79

Chapter 3 - Disruption of semiochemicalmediated movement by the immaturelrogoderma

variabile Baillon and Trogoderma inclusurmie Conte (Coleoptera: Dermestidae) after

exposure to longlasting insecticide NettiNG............cuvuiiieiiiiiiii e 106
Y 01 1= T S 107
0T 3o 1 o 1S 108
Materials and MEtNOUS. ... ...t 112

SOUICES INSECIS. ...ttt ettt e e e et et e e e e e e e etaa e e e e eeessmmme s s e e eeeeenen 112

B C=T= LTS 6 T PP PP UPPPTRPPIN 112



MOVEIMENT ASSAY....uuiieitiiieiiie ettt eeree et e et e e et e e e et e e et e e e et e e eeb e e ennmeesa e eeenns 113

NO-Choice ReleasSBEeCapture ASSAY.......ccccieeeeeiieiieiiiieeeeeeeeeeeeeeeeeeaaeasas e eeeeeaannnes 114
STALISTICAI ANAIYSIS ...ttt eee bbb eeer e e e e e e e e e e e e e e e e e e e s s e e e aeeas 114
RESUIES. ..o et ereer s e e e e e e e e e e et et e e ettt nnneeeae e e e e e eeettannn s 115
Trogodermavariabile MOVEMENL...........ooiiiiiiiii e 115
Behavior of immatures. variabile............cccoooiiiiiiiiii e 115
Frequency of entering €ach zQne.............oooiiiiiimec e 115
Cumulative duration spent in each zone..............oooooiiiicen e 116
LatenCy 10 €ACKN ZOME........uuiiii et eeee e e e e 117
Release and recapture of immatufesariabile.................oooovviiccc e, 118
Trogoderma iNCIUSUMOVEMENT..........coiiiiiiiiiiiiiiieeeiee e e s eeers e e e eeeeeeeeas 118
Behavior Of T. INCIUSUML........uueeii e eerer e enne s 119
Frequency of entering €ach ZQNE..........cccooviiii i cceciiiiece e eeee e 119
Cumulative duration spent in each ZONe.............ccccovvviieeeee e 119
Latency treatment, control stimulus and half zone.................iee e, 120
Release and recapture of immaturesCIUSUNML..............uviiiiiiiiiiieeeiiiieeeeeee e 121

D Yo U £S1=Y (o o PO 121
RETEIENCES. ... et 128

Chapter 4 - Sexlinked differences in semiochemicamediated movement byTrogoderma
variabile Ballion and Trogoderma inclusunieConte (Coleoptera: Dermestidae) after

exposure to longlasting insecticideincorporated Netting ..............vvcieeeeieiiccccenvnnnnnd 149
Y 013 = Lo OO 150
0o 5o 1o 1 152
Materials and MEtNOUS. ... ... smmeeeennnes 156

8IS0 £ PRSPPI 156

(T2 L0 1T 0] £ T PO PTR PP 156

Food and pheromonal semioChemiCalS..............uuiiiiiiceciiicr e 157

MOVEMENT @ISSAY.....errueeeeeertiie e e eeeee e et e e e et e emmes e e e e e e e e e e e e e e nnn s emnn e e e e e ennnans 157

Headspace COECHION............uui et e e mmmr e 159

Gas chromatography coupled with mapsctrometry (GC/MS)...........uevveiiiiiiiiiieennns 160

StAtISTCAl ANAIYSIS. ... eeeeiiiiiiieie e 160



R SUILS. .. et 162

Trogoderma variabil@nNOVEMENL...........oooiiiiiiiiiieeme e 162
Behavior of T. variabile..............eiii e e 163
Frequency of entering treatment, control stimulus and half.zane....................... 163
Cumulative duration spent in treatment, control stimulus and half.zane............. 164
Latency to treatment, control stimulus and half zane...............ccccvee e, 166
Trogoderma iNCIUSUMOVEMENT. ..ottt ieeeiib e s eeers e e e e e e eeeeas 168
Behavior Of T. INCIUSUML........uuii e e 168
Frequency of entering treatment, control stimulus and half.zane....................... 168
Cumulative duration spent in treatment, control stimulus and half.zane............. 170
Latency to treatment, control stimulus, and half zane..............cccvveeeee e, 171
HeadSpace COlECHON...........oui i eeeee e 173

D Yo U L1 (o o TP 173
REIEIENCES. ... e bbb 177

Chapter 5 - Leveraging longlasting insecticideincorporated netting to improve fumigation

efficacy against stored produCt INSECTS...........ooeeiiiiiiiiiiirrer e eeeee e 203
Y 0153 = Lo SO PP 204
0o [T 1o ] TR 205
Materials and MEtNOUS. ... ... e nennnes 207

EXPEriMENTal INSECLS........uuiiiiiiiiiiii ittt ettt mmne e 207

LLIN treatMENTS. .. .coveiieeieeii e eeeee ettt eree e e e e et e e e e e e e e s emen e e e e e eennans 208

SF= 1] o] T To TN o] oo =To [ | = PSP 209

Phosphine fUMIQation............ooii i 210

INSECE AFOP TEST. ... 212

StatiStiCal ANAIYSIS.........ooiiiiieeie e ana s 213
RESUIES. ..o rer e e e e e e e et ettt e ettt nnne e e e et e e e et e et e b an s 214

Insect dispersal into bulk storage protected by LLIN...........ooooiiiiiiicc, 214

Progeny production in bulk storage protected by LLIN............coovvviiiiimmeeeiiieeeeeiens 215

Damage in bulk storage protected by LLIN...........cooiiiiiiiiiicee e 216

Fumigation efficacy and redUCtion............ccoooiiiiiiiiieceiiie e e 217

Abiotic conditions iN grain DiNS..........ccccuuiiiiiiii e 217

Xi



INSECE ArOP FESUILS. .. .ueeiiei et ee e e nnnnes 218

D Yo U L= (o] o PO PRPPPPPP 218

] (=] (=] o =SSR 224
Chapter 6 - Pairing residual contact insecticide use with longasting insecticide

incorporated netting to reduce dispersal and damage by stored product insects...246

N 0] 1= o OSSO PPPPP 247
0T[5 o 1o 1RSSR 249
Materials and MEtNOUS. ... ... e eneees 253
EXperimental INSECIS......coiiii i aanae 253
Experimental arena and itS produCtiQn..........cccooiieieeicccciiiiice e 253
Insecticide formulation fOr CONCIELe............uuuiiiiiiiiii et 254
L ILC=E= LTS | PP UPPRT 255
Data @NalYSIS.....ccoiiiiiiieiiee e err e e e e e e e e e e ———— e e aaaaaaaeaaaes 256
RESUILS. ...ttt ennns bbbt e e e e e e e e e e 257
Insect dispersal in thexperimental arena..............cccuuvuiiiieemniiiie e 257
Insect condition in thexperimental areNa.............cceevviiiiiiieeeiiiiee e 258
[ (0o 1= )V o] {0 T [UTox 1 o o SRR 260
DY o1 L= (o o TSRO 261
] (=] €= o= 267

Chapter 7 - Modeling long-term, stagestructured dynamics of Tribolium castaneumat food

facilities with and without two types of longlasting insecticideincorporated netting 290

Y 013 = Lo OO 291
0o 5o 1o 1 292
Materials and MEtNOUS. ........iiiee e smme e eennnen 295
Y (00 1 @ 0 = 11 o P 295
INSECHCIAE NETHNG......ceviiii e ere et e e e e e e enner e e e eaenes 296
o 10 ] o F= U1 o] o F= N 1Y/ 0T [ PP 296
Model Parameterization and SCENANIOS. ..........uuuuiiiiiiiieeeiiiiiiieieieeeee e 297
RESUIES. ..t errer e e e e e e et ettt e ettt nne e e e et e e et e ettt b ann s 298
BaselineT. castaneumpopUlation.............coooviiiiiiii i ieeer e e 298
Sensitivity byT. castaneunm model to modifications of mortality and fecundity.......298

Xii



Efficacy of LLIN among empirical scenarios over 15 generations................cceeeeuue. 299

Proportion in each life stage among empirical scenarios over 15 generations.......300

Life Stage Sensitivity ANAIYSIS.........uuiiiiiiiiii e 300
Performance Of BASE LLIN........uuuui et eeerees s e e e e e e e eeeeeeeee 301

D Yo U L= (o] o PO PPPPPPPPPP 301
REIEIEINCES. ...t 306
Chapter 8 - Research summary and future direCtions................uvvvvemiiiiccceeeeieeiiinnnnn 325
Appendix A - Supporting information for Chapter 3..........cccccviiiiiiiiiii e 331
Appendix B - Supporting information for Chapter 4 ..............ovvviiiiiiii i 332
Appendix C - Supporting information for Chapter 5.........ccccooieiiiiiiiiiiiieeci e, 346
AppendixX D - VOUCNHEr SPECIMENS........oiiiiiiiiiii it reer et eeenas e eeeeeeeeeas 348

Xiii



List of Figures

Figure 1.1 Criteria used for inclusion of studies and for the metaanalysis on the effects of LLIN

ON AGFICUITUIE TNSECES. ...ttt ieee e e e e e eeee e e e et e e e e e e e e e e e e e s s s e e aeee s 44
Figure 1.2 Increasing publication trend of pesriewed manuscripts investigating the efficacy

Of LLINS iN @QIICUIUIE.....ccoiiiiieee e et e e e e e e e e e e e anene s 42
Figure 1.3 Effect size of exposure to LLIN on direct mortality and sublethal effects in preharvest

and postharvest agricultural SYSIEMS. ..........ooviiiiiiiiiee e 45
Figure 1.4 Overall effect size of exposure to LLIN in preharvest and postharvest agricultural

)Y (=] 110 P PPTPPPPPPRRY” | o
Figure 1.5 Overall effect size of exposure to LLIN at different scales, including, laboratory,

semitfield, and field on direamortality and sublethal effects.............ccccccvvvvieeeicnnnn 47
Figure 1.6 Overall effect size of exposure to different active ingredients in LLIN on direct

mortality and sublethal effeCtS...........coooiiiie 48
Figure 1.7 Overall effect size of exposure to LLIN on different species related with preharvest

and postharvest via direct mortality and sublethal effects...............ccuvveeeiiiiiiiinnne. 49
Figure 2.1 Distance moved (+ SE) by susceptible and resRiaaminicaafter varying

exposure time to different controlled release materials..............coovvveeeeeeeeiiieeeeninnn, 87
Figure 2.2 Distance moved (+ SE) or velocity (+ SE) by susceptible and reBistiorhinica

after exposure to LLIN or control netting after various exposure times and varyiRg post

exposure NoIdING AUIALIONS............uuuiiiiiiiiiiieeeiiii et eeeee e e e e e e e e e e e e e e e e e e 88
Figure 2.3 Velocity (+ SE) by susceptible and resigRardominicaafter varying exposure times

to different controlled release materials..............cccuvviiimeeiiiiiiiiie e 89
Figure 2.4 Distance moved (+ SE) by susceptible and resistaastaneunafter varying

exposure times to different controlled release materials............ccooviveeeeciiiiinnnnnn 90
Figure 2.5 Distance moved (+ SE) or velocity (+ SE) by susceptible and re3istaistaneum

after exposure to LLIN or control netting various exposure times and varyingxyjossure

NOIING AUIALIONS. ....eeiiiiiiee et e e eeeb e e e e 91
Figure 2.6 Velocity (+ SE) by susceptible and resistamastaneunafter varying exposure

times to different controlled release MaterialS. ..o ee e 92

Xiv



Figure 2.7 Percentage mortality of susceptible and resiRtatdaminicaafter exposure to treated
cheesecloths with 1% concentration Of AlS.........cccciuiiiiiiiimeer e 93
Figure 2.8 Percentage of susceptible and resi$tazdstaneunafter exposure to treated
cheesecloth with various 1% concentration Of.AIS.........coooeveiiiiiiieeei e 94
Figure 3.1 Distance moved (+ SE) or instantaneous velocity (+ SE) by theTlamzalabile
after exposure to control netting or to LLIN in the presence of semiochemicals....141
Figure 3.2 Frequency of entering (z SE), cumulative duration spent in (£ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by [@rwadriabileafter
exposure to the control netting and LLIN in the presence of important semiochendidals
Figure 3.3 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment half or control half of the Petri dish by lafvalariabileafter
exposure to control netting or LLIN in the presence of important semiochemicals.143
Figure 3.4 Mean percentage of recaptured lafvalriabileand larvalT. inclusumafter min
exposure to control netting or LLIN in a releaseapture assay..........ccccceeeeeeeeeeeennes 144
Figure 3.5 Distance moved (+ SE) or instantaneous velocity (+ SE) by theTlamealusum
after exposure to control netting or to LLIN in the presence of semiochemicals....145
Figure 3.6 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by [Arvatlusumafter
exposure to the control netting and LLIN in the presence of important semiochendidéls
Figure 3.7 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment half or control half of the Petri dish by lafvahclusumafter
exposure to control netting or LLIN in the presence of important semiochemicals147
Figure 3.8 Synthesis schematic of experimental design, materials and methods, and main results
from study testing larvalrogodermaspp. after exposure to control netting or LLIN in the
presence of importasemMIoOChemMICAIS.............uuuiiiiii e 148
Figure 4.1 Experimental sep for EthOVISON...........coooiiiiiiiiiiii e 187
Figure 4.2 Distance moved (+ SE) or instantaneous velocity moved (+ SE) by female afd male
variabile after exposure to control netting or LLIN in the presence of important

SEIMIOCNEIMICAIS. ...t een e e e 188

XV



Figure 4.3 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by femaiariabileafter
exposure to control netting or LLIN in the presence of important semiochemicals.189

Figure 4.4 Frequency of entering (x SE), cumulative duration spent in (x SE), or latency to
finding the treatment stimulus zone or control stimulus zone by Talariabileafter
exposure to control netting LLIN in the presence of important semiochemicals....190

Figure 4.5 Distance moved (£ SE) or instantaneous velocity moved (+ SE) by female aiid male
inclusumafter exposure to control netting or LLIN in the presence of important
SEMIOCNEMICAIS. ......uiiiiiiiiiiiiii et nnne e 191

Figure 4.6 Frequency of entering (x SE), cumulative duration spent in (+ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by fématelusumafter
exposure to control netting or LLIN in the presence of important semiochemicals.192

Figure 4.7 Frequency of entering (x SE), cumulative duration spent in (x SE), or latency to
finding the treatment stimulus zone or control stimulus zone by matelusumafter
exposure to control netting LLIN in the presence of important semiochemicals....193

Figure 4.8 Nommetric multtdimensional scaling ordination based on pairwise Baytis

dissimilarity index calculated among samples in a pairwise fashion highlighting differences

by treatment or by collection time of IUre..............iiiii e e, 194

Figure 4.9 Emissions rate af)¢14-methyt8-hexadecenallfogodermas pp. pher omone;
h1A  H)dromel 24 hrin the 1aboratory...........ccooviueiueeieeee e 195

Figure 5.1 INSECt drop tESt @r€Na.........ccooeeeeiiiiiiieeeee et 236

Figure 5.2 Mean (+ SE) initial dispersal of stored product insect life stages per 100 g during
monthly samples collected from June to September 2022 in miniature.silos......... 237

Figure 5.3 Mean (+ SE) initial dispersal of stored product insect life stages per 100 g during
monthly samples collected from June to September 2023 in miniature.silos......... 238

Figure 5.4 Mean (x SE) progeny production of stored product insect life stages per 100 g during
monthly samples (reared out after 6 wk) collected from June to September.2022239

Figure 5.5 Mean (+ SE) progeny production of stored product insect life stages per 100 g during
monthly samples (reared out after 6 wk) collected fdome to September 2023....... 240

Figure 5.6 Monthly damage measures by stored product insects in.2022.................... 241

Figure 5.7 Monthly damage measures by stored product insects in.2023.................... 242

XVi



Figure 5.8 Hourly phosphine concentrations (ppm) and temperature (°C) during monthly

fUMIQALIONS 1N 2022..... e et emme e e et emerennnnes 243
Figure 5.9 Hourly phosphine concentrations (ppm) and temperature (°C) during monthly
fUMIQALIONS 1N 2023..... e i eeeeer e e e e e e e aeae e sme e ennnen 244
Figure 5.10 Total number of fumigations triggered..............ooovvvvieeee e e 245
Figure 6.1 Experimental test area of residual insecticide assay..............ccccoeeevevevveennnnns 283

Figure 6.2 Dispersal d®.dominicain a residual insecticide assay when exposed to the different
treatments after 48. ... ..o e 284
Figure 6.3 Dispersal of. castaneunn a residual insecticide assay when exposed to the
different treatments after 48.1..........uueiiiiiiii e 285
Figure 6.4 Proportion dR.dominicarated as alive, affected, or dead by recapture zone when
exposed to different treatments after 48.h...........cc.ouviiiiieeeii 286
Figure 6.5 Proportion of. castaneurmated as alive, affected, or dead by recapture zone when
exposed to different treatments after 48.h........cccoooeiiiiiiiieeeii e 287
Figure 6.6 Percent mortality (affected + deadiRoflominicaandT. castaneurby recapture
zone when exposed to a different treatments after.48.0..........ccoovvviieeeei 288
Figure 6.7 Progeny production By castaneunafter 6 weeks in flour placed at the opposite end
in the food zone after exposure to different treatment after.48.h............................ 289
Figure 7.1Schematic diagram representing the stage structure of the base mddel for
castaneunin the STUAY..........oooiiiiiiii e e e e 316
Figure 7.2 Baseline model ©f castaneunwithout exposure to LLIN showing total population
size and proportion in each life stage over 15 generations...............cooeeeeeeveeeeeeennnn. 317
Figure 7.3 Individual effect of reducing survivorship byeually spaced lower steps fbr
castaneunadults from baseline population model maximum on total population.si348
Figure 7.4 Individual effect of reducing fecundity by-d@ually spaced lower steps fbr
castaneunadults from baseline population model maximum on total population.si349
Figure 7.5 Combined effect of reducing fecundity and survivorship bqLally spaced lower
steps fofT. castaneunadults from the baseline population model maximums on the total
population size at the end of theéMFeneration.............cc.ccveieeieeceeee e 320
Figure 7.6 Effect of empiricallgderived cases of 0.4% deltamethbased LLIN exposure on the

total population Size OF. CaStANEUIML...........uuurruiniiiie s ceeeeieirr e e e e e e e e srnnnee e as 321

Xvii



Figure 7.7 Effect of empiricaltgerived cases of 0.4% deltamethbased LLIN exposure on the

Figure 7.8 Results of the sensitivity analysis from the baseline-stagsured model of.
castaneunand those expressing a fecundity reduction, survivorship reduction, or. Bagh
Figure 7.9 Baseline model ©f castaneunwi t hout exposure t-o LLIN and

cypermethrin LLIN and showing the proportion of individuals in each life stage....324

Xvili



List of Tables

Table 1.1 Mean difference and 95% Cls for mortality after exposure tddshgg insecticide
incorporated Netting (LLIN).......ooii e eee e e e e e e e e 50
Table 1.2 Mean difference and 95% Cls for sublethal effects after exposure-tadting
insecticideincorporated netting (LLIN).........cooiiiiiiiiiiiiieeee e e 51
Table 1.3 Research gaps on ldagting insecticidencorporated netting (LLIN) and future
directions, using the current metaalysis as the basis............cccovviiiiiccc s 52
Table 2.1 Summary of Als used in the time to lethal exposure askaghtr concentrations on
CREESECIOLN. ... ..t 95
Table 2.2 Summary of statistical model results for the log of the distance moRedibminica
after exposure to controlled release materials in the sublethal movement assay ever a 60
(00T o1=1 ¢ To Lo FRr PP P PSPPI 96
Table 2.3 Summary of the specific statistical model results for the log distance mdved by
dominicaafter exposure to 0.4% lorgsting deltamethriincorporated netting in the
sublethal movement assay over amid PEriod............ccoceiiiiiiiiiimmriiierreeee s 97
Table 2.4 Summary of statistical model results for the log of the velocity moveddnminica
after exposure to controlled release materials in the sublethal movement assay ever a 60
111 01 T T PSPPSR a8
Table 2.5 Summary of the specific statistical model results for the log velocity mowed by
dominicaafter exposure to 0.4% long lasting deltametimcorporated netting in the
sublethal movement assay over anbill PEIOU.............oovvviiviiuiiiire e 99
Table 2.6 Summary of statistical model results for the log of the distance moVeddstaneum
after exposure to controlled release materials in the sublethal movement assay ever a 60
(00T 1= ¢ oo FR TP PP PP P P PPPPTPTPPPRRN 100
Table 2.7 Summary of the specific statistical model results for the log distance moved by
castaneunafter exposure to 0.4% long lasting deltametimcorporated netting in the
sublethal movement assay over amid Period..............coooieiiiiriimmmnnniieieeee e 101
Table 2.8 Summary of overall statistical model results for the log of the velocity moved by
castaneunafter exposure to various controlled release materials with Al concentrations

0.1 0.4% in the sublethal movement assay over-emB0period.............cccccceveeeveiiieeee. 102

XiX



Table 2.9 Summary of the specific statistical model results for the log velocity moved by
castaneunafter exposure to 0.4% long lasting deltametimcorporated netting in the
sublethal movement assay over adid PEriod...............ooooiiviimiimmmnnnieeeeeeee 103

Table 2.10 Comparison of model results for time when 50% dibminicaadults have been

killed when continuously exposed to cheesecloth treated with 1% concentration of each Al.

Table 2.11 Comparison of model results for time when 50%.afastaneunadults have been
killed when continuously exposed to cheesecloth treated with 1% concentration of each Al

Table 3.1 Summary of statistical model results for the distance moved by larval dermestids after
exposure to 0.4% deltamethrin incorporated LLIN in response to important semiochemicals
(e.g., negative ctrl, food, dirogoderma sppsex pheromone) over a-80in period at the
Center for Grain and Animal Health Research in Manhattan, KS........................... 135

Table 3.2 Summary of statistical model results for the instantaneous velocity moved by larval
dermestids after exposure to 0.4% deltamethrin incorporated LLIN in response to important
semiochemicals (e.g., negative ctrl, foodTovgoderma spppsex pheromone) over a-30
min period at the Center for Grain and Animal Health Research in Manhattan,. K936

Table 3.3 Summary of statistical model results for the frequency of entering each zone by larval
dermestids after exposure to 0.4% deltamethrin incorporated LLIN in the presence of
important semiochemicals, including a negative control, food Tanglodermaspp. sex
pheromone, over a 3tnin period at the Center for Grain and Animal Health Research in
1Y = T F= 11 = L TR S TSRS 137

Table 3.4 Summary of statistical model results for the cumulative duration spent in each zone by
larval dermestids after exposure to 0.4% deltamethrin incorporated LLIN in the presence of
important semiochemicals, including a negative control, foodTanglodermaspp. sex
pheromone, over a 3fnin period at the Center for Grain and Animal Health Research in
Y E= UL ATz 1= T T S T 138

Table 3.5 Summary of statistical model results for the latency to finding each zone by larval
dermestids after exposure to 0.4% deltamethrin incorporated LLIN in the presence of

important semiochemicals, including a negative control, foodTanglodermaspp. sex

XX



pheromone, over a 3@in period at the Center for Grain and Animal Health Research in
MaNNALEAN, KS......ooiiiiiiiie e bbb 139
Table 3.6 Summary of statistical model results for the relessture assay using larval
dermestids after exposure to 0.4% deltamethrin incorporated LLIN in the presence of
important semiochemicals, includinga negative control, food Tangodermaspp. sex
pheromone, over a 24 h period under constant conditions at the Center for Grain and
Animal Health Research in Manhattan, KS..........cccoooiiiiiiiieee e 140
Table 4.1 Experimental sep for Ethovison. Frequency of entry, cumulative duration and
latency of entering each zone was tracked by the Ethovison ovenarB8feriod......... 187
Table 4.2 Summary of statistical model results for the log of the distance moved and velocity by
singlesex dermestids after exposure to 0.4% deltamebased longasting insecticide
incorporated netting in response to semiochemicals ovemnar8Perid...................... 196
Table 4.3 Summary of statistical model results for the log of frequency of entering into
zone/kernel zone by sexed dermestids after expos0ré%e deltamethribasedong-
lasting insecticidencorporatechetting in response to important semiochemicals over-a 30
(00T o1=] ¢ To Lo FR PP P PP PPPPPPTPPPP RN 197
Table 4.4 Summary of statistical model results for the log of cumulative duration spent in
zone/kernel zone by singgex dermestids after exposure to 0.4% deltamebased long
lasting insecticidencorporated netting in response to important semioatemover a 30
(00T 1= ¢ oo FR TP PP PP P P PPPPTPTPPPRRN 199
Table 4.5 Summary of statistical model results for the latency to zone/kernel zone bgaingle
dermestids after exposure to 0.4% deltamethased longasting insecticidencorporated
netting in response to important semiochemicals over-emBOperidl.......................... 201
Table 5.1 Summary of generalized linear model results for the dispersal and progeny production
of stored product insects from miniature silos located in threeVIlLBapacity grain bins
from June to September 2022 and 202BatCenter for Grain and Animal Health Research
in Manhattan, KS over a twyear period Of tiMe............cciiiiiiiiieccs 230
Table 5.2 Summary of generalized linear model results for the damaged grain caused by stored
product insects per 100g samples from miniature silos located in thrédTL&8pacity
grain bins from June to September 2022 and 2023 at the Center for Grainianad
Health Research in Manhattan, KS over a-giear period of time...............ccoooeiiee 231

XXi



Table 5.3 Summary of average and high phosphine)(@dthcentration and accumulated Ct
products for the fumigation for the samples from miniature silos located in thrédTL.10
capacity grain bins from July to September 2022 and 2023 at the Center for Grain and
Animal Health Research in Manhattan, KS oven flars............cccceuvvvvvniiicceennnnnnns 232

Table 5.4 Summary of abiotic variabiesluding temperature (°C) and relative humidity (%)
from miniature silos located in three XM capacity grain bins from June to September
2022 and 2023 at the Center for Grain and Animal Health Research in Manhattan, KS over
LT I VL= L PP 233

Table 5.5 Summary of repeated measures general linear mixed model results for the abiotic
variables from miniature silos located in three-MUD capacity grain bins from June to
September in 2022 and 2023 at the Center for Grain and Animal Health Research
Manhattan, KS over a twgear period Of timMe............iiiiiiiiieeceeee e 234

Table 5.6 Mean percentage of adult and larval individuals observed on top or below the netting
after 24 N droP tESh. ... oo re— 235

Table 6.1 Label, mixing, and application rates for insecticides used in residual assRy with
(o [oTpT a1 To=T= g o I I or= 11 r= 1 1T | o SRR 279

Table 6.2 Summary of analysis of variance (ANOVA)RordominicaandT. castaneunafter
contact with longlasting insecticidencorporated netting and/or residual insecticide sprays
0N concrete iN the 1aD0ratOnY...........oooii e 280

Table 6.3 Summary of generalized linear models for alive, affected, andRddachinicaafter
dispersal over 48 h on concrete arenas with-lasting insecticidéncorporated netting
and/or residual insecticide sprays in the laboratory.............ccccceeiiiceeveeiviiiiiceeeen. 281

Table 6.4 Summary of generalized linear models for alive, affected, and deathneunafter
dispersal over 48 h on concrete arenas with-lasting insecticidencorporated netting
and/or residual insecticide sprays in the laboratory..............cccceeiiiceeveeviiiiciceeen. 282

Table 7.1 Life history values fdr. castaneumsed in the model............c..cccoooiiiiiieemnnnnnnnn, 314

Table 7.2 Different exposure scenarios for LLIN were used in modeling growthcaktaneum

XXii



Acknowledgments

PhDhas beem wonderful journeynd the greatest achievemesftmy life. It would not
have been possible without the suppguidance, and encouragement of many individunaiay
life. First and foremost, | would like thankmy momShanta Ranabhaind dacHari Charan
Ranabhator all thar love, support andsacrifice,for my better education and life.

| would like to express my deepest gratitudengpadvisorDr. Rob Morrisonfor his
invaluable guidance, patience, and encouragement throughout my Ph.D. jblism@gntorship
has been instrumental in my personal and professional growth, significantly shaping the
researcher and individual | am todajpave gained so much knowledge from him, both directly
and indirectly .l will always be grateful foall theamount oftime he devoted to teache the
smallest details, from formatting documents to creaiigyés for presentations, developing
experimental protocols, and writing manuscripts encouragement has helped me push beyond
my comfort zone and persevere through challernfesnk you for believing in me aridank
you for being a wonderful mentor and colleagueould also like to express my sincere
gratitude towards my eadvisor Dr. Kun Yan Zhul am deeply appreciative of all the support
guidance, and advigmu have providedlrhank you for ensuring everything ran smoothlyny
PhD program both administratively and in my research endeavavsuld also like to extend
my sincere appreciation to my committee memBard om Phillips, Dr. Kristopher Silveand
Dr. GeorginaBingham foryour valuablédeedbackandsuggestionsto Dr. Bingham(at UNL,
NE) & Dr. MichaelDomingue(at APHIS, MA), thank you for inviting me tdo researcin your
lab, and hank youfor all yourwarmhospitalityandsupport

| would like to thankeveryoneat the USDA Center fagrain and animal healtH would

like to ackrowledge Dr.Gerken'dab, Dr. Schefb s , dnélr.Scully'slab for their supportMy

XXili



heartfelt thanks go to my labmatiesm Dr. Morrisors lah from past and presento Jennifer
Abshire and Alexander Bruce, thank you for your excellent technical assistance in e riap
buddies Hannah Quellhorst, Jacqueline Maille, Hazel Scribner, Marco Ponce, Rachel Wilkins,
Andres Holguin, Andrea Salazar, Rupinder Siragid all Thank you for all your love and
encouragemerandall the shared moments of triumph and challghgeughoutmy PhD. |
would also like to thankll the staff and facultynembers of the Department of Entomoloagy
K-Statel am thankfultomyna st er 6 s adv i s o foralDthe.suphduringinu Wan g
master 6s at Rlumagwayswerytbamkfultemy Rutgergriends especially
Xiaodan,Laurg ChelseaSaleheandShannorfor their constant love and support.

| am deeply thankful to my familymy sisterSabinaRanabhat, and brother Madan
Ranabhatfor your unwaveringsupport Thank you ér encouraging me to stay focused and
reminding me tomorrow brings new opportunities when things seem hapéiesisterin-laws
Saru Rimalknd Srijana Rayamajhi atdotherin-laws Sachin ThapandRam Chettrimy cute
niecesSwornim, Samragyeand Amayral am thankful to myn-lawsJanuka Thpaand Bom
BahadumRayamajhi.Your encouragement has been a constant source of comfort and mativation
| want to express my deepest appreciation to my hudbarshgar Rayanjhi. Your love,
patience, and belief in me have been my anchor. Your support hagitaéenhelping me
balance the demands of this journey, and your presence haslirattcesses even sweeter.
Thank you foreverything | cannot forget my friends at Jardine (too many to mention
individually, but you know who you are). We'iadso many beautiful memoriésgetherover
the past four years. Thank you for being my home away from'home

Thank you all for being part of this incredible journey. This dissertation would not have

been possible without each and every one of you.

XXIV



Dedication

To my motherand father

Shanta Ranabhat & Hari Charan Ranabhat

XXV



Chapterl1-Ef fi cacyyaeti hgnigmsecporcadec
netting in controlling preharvest

metaanal ysi s study

Submitted asRanabhat 3, Y.E. Altunc®, C.G. Athanassiou, K.Y. Zhu, and W.R.
Morrison Ill. 2024.Efficacy of longlasting insecticidencorporated netting in
controlling preharvest and postharvest pest insects: aanatgsis study.

Entomologia Generalig\ccepted



Abstract

Long-lasting insecticidencorporated netting (LLIN) is aewertactic to intercept insect
movement and reduce the damage caused by insect species in agriculture. LLIN can be
integrated with other diverse management tactics ingme postharvest settings, but no study
has yet looked at the combined patterns acibssidertaken studies to determine efficacy.
Thus, we have carried out a metaalysis on the direct and sublethal efficacy of LLIN, using
literature published between 192024 in agricultureAdditional criteria for inclusion

included that the netting must contain an active ingredient and proper cohtsdeft us

with a total of 44 peereviewed publications with 285 data points on the efficacy of LLIN in
agriculture LLIN exposure was 8:6old and 257fold more effective in causing direct

mortality and sublethal effects in the laboratory, respectively, compared to the field. However,
broad generalization is limited because of the low sample size for field studiest. Dir
mortality was equly observed after exposure in preharvest and postharvest systems, but
sublethal effects were 4f@ld in postharvest environments. Deltamethrin and alpha
cypermethririncorporated netting inflict similar direct mortality across taxa in bothgrd
postharvest settings. LLIN exposure has shown direct efficacy against 19 out of 23 tested
species and has induced sublethal effects in 10 out of 16 tested species. Overall, our study
synthesizeghe currenknowledge on a promising new technology for agriceltue

highlight knowledge gaps, including a lack of figklevant data, and finally suggest areas for
further research in this field considering the entire production chain.

Keywords: LLIN, stored products, vegetables, horticulture, integrated pest management



Introduction

Pest infestation is a significant threat to global food security, with global preharvest losses of
up to 35% Pimentel and Pimentel 2009 his simply includes the period from when crops

are planted, through growth, and until harvest. In addition, postharvest losses resulting from
infestations by insect species in stocedealsare generally estimated to be aro@@i30%
worldwide (Tadesse 2020However, these losses can exceed 50% in developing countries, as
loss depends on the crop, climate of the area, storage techniques, and control strategies
employedBoxall 2001; Abass et al. 2014; Hagstrum & Phillips 2017; Bezabih et al. 2022;
Berhe et al. 2023)here are various management tactics such as physical control (packaging,
silos and other structures, sanitation), cultural control (cover crops and genetically resistant
plants), biological control (predators, parasitoids, and pathogens), chemical ¢(synttioétic

or naturally derived), and human factors (restrictions on commodities, quarantines, etc.)
(Kumar 2015; Vincent et al. 2003; Vincent et al. 2009). Traditional chemical control
methodologies have often proven inadequate in preventing ecoramsés|both before and

after harvest. With the emergence of pesticide resistance to multiple active ingredients and
formulations in a variety of systems, including pests in horticultural crops (Horowitz et al.
2020; Tabashnik et al. 2023) and stored prothsects, both for contact insecticid@aglish

et al. 2013; Sehgal & Subramanyam 2014; Daglish & Nayak, 20&8jumigants, especially
phosphingAgrafioti et al. 2019; Nayak et al. 2020; MachtMasa et al. 2023}he

significant impact of pests on global food security necessitates a continuous and dynamic
innovation of pest management strategies. ldeally, integrated pest management (IPM) should
rely on diverse tactics that focus on the utilizatioanebre than oneactive ingredient (or

mode of action) to manage the pest belbereconomidnjury level. However, in reality, the
primary approaches for controlling the pest have focused predominantly on contact
insecticides and fumigation (Metcalf 1®&-ields & Whie 2002; Kuhar & Kamminga 2017).

3



Increasing problemsuch as resistance of various insects to major insecticides, environmental
concerns, and strict regulations in the registration and use of various active ingredients (Als)

dtasticallylimit the use of chemical control measures.

In response to these challenges, researchers have explored innovative strategies to
sustain and diversify IPM programs, among which the deployment ofdstigg insecticide
incorporated néihg (LLIN, hereafter) emerges as a promising intervention. LLIN is a fine
mesh net which is made of polyethylesrepolyestematerial, with the incorporation of
different concentrations efarious Als, such as 0.4% deltamethrin (Vestergaard Inc.,
Switzerland) or 0.34% alphaypermethrin (BASF Corp., Germany) or otldds, such as
permethrin or bifenthrinLLINs were originally designed for the control of disease vectors
such as mosquitoes in tropical regions of the wgkldnso et al. 1991; Yang et al. 2018;
Barker et al. 2023)Apart from controlling mosquitoes and the spread of malaria, £ hiMe
been used in other areas including public health pests to controtlmsaetdiseases
(Bermejo & Veeken 1992; Hill et al. 2006). In the past few years, kbhiNe been used in
monitoring taps in fruit trees and evaluated for reducing nuisance insect issues associated
with home invasion (Kuhar et al. 2017; Bergh & Quinn 2018). More recently, LLIN have
been studied for stored product pest management (Morrison et al. 2018; Rumb28ls;a
Athanassiou et al. 2019; Wilkins et al. 20&&rken et al. 2024 Gerken et al. 2024 Scheff
et al. 2021 Altung et al., 2024

In urban and tropical settings, LLINs are resistant to multiple washes and can have an
effective lifespan of up to 5 yeafGuillet et al. 2001)In postharvest systems, a lifespaniof 1
2 years appears more realistic (Scheff et al. 204 .reason for decreased efficacy after
harvest compared to the tropics may be that in faotities (e.g.,mills, retail stores, and
some warehousgdndoor temperaturesresignificantly elevatedrom ambient outside

temperatures (Gerken and Campbell 2022). According to prior literature for tropical regions
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like Ghana, mean temperatures ranged froif28%5C depending on region and year
(Srivastava et al. 2017), whereas mean temperatures inside grain silos from Kansas it ranged
from 23 45°C (Ranabhat et al. 2024Toews et al. 2006Thus, itappears that temperatures
inside food facilities are elevated both when comparing to ambient outside conditions and
when comparing to the tropics.

To the authorsd best knowl edpgebarvest he f i r st
agriculture wagarried outo protect cabbage in Africa in the early aughts (Martin et al.
2006). In that study, the authors found that the number of all lepidopteran larvae with
deltamethrirbased LLINand foliar insecticide sprays was significantly lower than the
unprotected control, but only the treatments WithN provided 100% protection against
aphids(Matrtin et al. 2006)Since that time, there fibeen an increasing nuar of
publications on thereharvestise ofLLIN to protect a variety of commodities, especially

duringthe last decade.

It was not until seven years after the inipatéharvesimplementation of LLIN that
Msango and Longwe (20138papted alphaypermethrin LLINs for the protection of stored
commodities. The rationale behind the utilization of LLINs lie in addressing several critical
aspects of stored product pest management simultaneously. Dependsgesh sizel LIN
can servas a chemical barrier or offer a dual mode of action as a physical barrier as waell
mean tgorevent pests from reaching stored foddsango and Longwe (2018yported that
the utilization of alphaypermethrin LLIN (Carifen, BASF, Germany) after phosphine
fumigation of tobacco showed complete protection of the product from the cigarette beetle,
Lasioderma serricorn€.) (Coleoptera: Anobiidae) infestation for more than three months of
storage. This first look in a limited setting by one species showed promise after harvest for the

use of LLIN in managing stored product insects as an additional IPM strategy.



More recently, there has been a renewed interest in LLINSs for stored product
protection as there have been mounting pressures on industry to diversify IPM programs.
Building on Msango and Longwe (2018umbos et al. (2018hvestigated the knockdown
and mortality effect odnalphacypermethrircoatedLLIN on L. serricorneand the tobacco
moth, Ephestia elutellgHubner) (Lepidoptera: Pyralidae). Results demonstrated high
immediate knockdown effect, which also led to high delayed mortality in both species
(Rumbos et al. 2018). Research on the sublethal effects of LLIN showed that a larde mesh
2x2 mnt), deltamethrirbased LLINacted like a chemical barrier, preventing dispersal of
stored product insects while reducing pnageroduction in warehouses compared to controls
without netting (Morrison et al. 2018; Wilkins et al. 2020; Wilkins et al. 2021). A LLIN has
been found effective against bgthosphinesusceptibleand resistantoloniesof the lesser
grain borerRhyzopertha dominicgr.) (Coleoptera: Bostrichidae) and the red flour beetle,
Tribolium castaneunfHerbst) (Coleoptera: Tenebrionidae) (Ranabhat et al. 2022). Moreover,
the dispersal ability of. castaneurandR. dominicavas drastically reduced even after one
minute of exposureo deltamethriAbased LLIN(D-Terrencé, Vestergaard Inc., Switzerland)

(Morrison et al. 2018)

In addition to investigating the strong potential of LLINs for stored product pest
management strategies, numerous studies have been conducted covering various aspects such
as field evaluationfvisango & Longwe 2013; Athanassiou et al. 2019; Wilkins et al. 2021)
sublethal effect$Wilkins et al. 2020; Domingue et al. 2021, 2022; Gerken et al. 2021a;

Scheff et al. 2021; Ranabhat et al. 2022, 20@iBerent coating material@\grafioti et al.
2020) scenarios involving multiple exposur@erken et al. 2021, coating the nets with
different concentrations of insecticif@thanassiou et al. 2023)esidual efficacyAgrafioti et

al. 2021)and delayed effec{@\grafioti et al. 2023pn a wide range of insect species. All the



above studies illustrate a LLINased approach can be reliable in many pest control

applications scenarios.

This review aims to provide a comprehensive analysis of existing literature on the
utilization of LLINs in the management of pr@nd postharvest pest insect species (excluding
thosein urban systems and vedp(Figurel.l, Figurel.2). By synthesizing findings from a
broad spectrum of studies, we aim to discern patterns relative to system and experimental
design and develop a new synthesized understanding of the effectiveness of LLINS in
agriculture. Moreover, our review intends to itignand addressaps in current knowledge.
Through a metanalytical approach, this review aims to distill key insights that can inform
future research directions, and practical applications in the integrated management programs

of pre and postharvest insect pests.

Materials and Methods

We followedPRISMA (Preferred Reporting Items for Systematic Reviews and-Meta
Analysis) guidelinegPage et al. 202Xpr reporting the metanalysis, providing insights into
the effectiveness dfLINs for a variety of agricultural pests, including those before and after

harvest.

Data Collection and Literature Review

We used databases such as Web of Science, Scopus, and Google Scholar to find studies

related to LLINs. First, we carried out a literature search on the topic of insecticide netting.

We used varioukeyword combinations to identify a broad initial dataset, including various
terms such as O6nettingbé, OLLI NG O6insecticide
O6preharvestdo, 6épostharvestd, and O6agthéycul t ur
met criteria for inclusion in the metmalysis, wich included that 1) articles were published

between 1992024, 2) the focus was on agricultural crops (not urban systems or vectored



diseases), 3) netting was not solely used for exclusion (e.g., in the absence of an insecticidal
ingredient), and 4) included a proper negative or stakeholder standard control. At the end, this
left us with a total of 44 peaeviewed publications (23 pitsrvest + 22 preharvest studies,

one common study for pre and postharvest insects) with 285 data points on the efficacy of
LLINs in agriculture However, an additional required criterion was that all studies needed to
present means, standard errors, amdes sizes for both controls and LLIN treatment. After

this additional criterion, there was a final total of 31 peerewed publications (19

postharvest + 12 preharvest studigsyurel.3). Additionally, potential publication bias was

assessed by using funnel plots, and statistical tests were evaluated.

Data Analysis

Two primary tests are used. We followed the procedure for calculating metaanalysis statistics
found in Luo et al. 2018. First, we calculated the standardized mean difference (MD) between
the treatment and control in each study, and plotted with 95% cooédetervals, then

inferred significant differences between factors that did not have overlapping intervals. We

employed thenetapackage in R, with a call to tlmetaconfunction and all analysis was

performed using R Soft wap0.65. Iif &RditiGm weeassdsged m, 20 2

bias using thenetabiagunction from the same package, which implements a test for funnel

pl ot asymmetry based on rank correlation (Ke

1994), and also tests for differences in heterogeneity. Significance testing emplamyzd t

Scaes.

Results

To date, all existing studies have focused mainly on exposure tcslthtdugh two main
effects, namely direct lethality and/or sublethal effeSttlethakffectsinclude thosen pest

insect feeding behavior, movement, dispersal or progeny production after exposure to LLIN.



Here, we review the effects of LLINS preharvesand postharvest settitigr these two main

effects.

Direct lethality of LLIN on insect pests
Small study bias was ruled out in the matalysis for direct mortality(pias = 145 + 210z
=0.69;P =0.49; n = 73) (Figuré 4 top panel)There were a total of 21 laboratory and 3
field studies in the postharvest environment, while there were 13 labarotory and 9 field studies
in the preharvest environmenthis included 8 postharvest studies and 7 preharvest studies
assessing direct lethality (Figutet, top panel, Tablé.1). The effect size on the right side
from the vertical line represented positive lethal effects whereas on the left side represented
negative lethal effects of LLIN on the species of specific studies. Importantly heith t
exception of two studies, all the studies included found a uniformly and significantly higher
direct mortality after exposure to LLIN compared to controls (Figutetop panelQ =
1.21x16, df = 72,P < 0.0001). The mean difference in effect size was similar for direct
mortality caused by LLIN in preharvest (¢.80.6 + 6.2, mean £ Cl) and postharvest (e.g.,
33.0 * 2.8) systems (Figules, top panel). The overlapping of the 95% confidence interval
(CI) of the lethal effect size caused by LLIN in pa@d postharvest studies indicates that
there was no significant difference in the mean effect size on the direct mortality between the
settings. Exposure to LLIN was 8f6ld more effective in causing direct mortality in the
laboratory compared to fieldeployments but broad generalization here is limited because of
low sample size for field studies (only 6 data points compared to 67 data points from the
laboratory). Deltamethrin and alplegipermethririncorporated netting inflict similar direct
mortality across taxa (Figurk.7, top panel). Overall, LLIN exposure has shown direct
efficacy against 19 out of 23 tested species above the controls included in treatments. A total
of 13 of these species were from postharvest systems, while six were from preharvest systems

(Figurel.8, top panel).



Sublethal effects of LLIN on insect pests

A total of 17 studies (11 postharvest + 6 preharvest) werefas#dte quantitative analysis of

the literature to determine the mean sublethal effect after exposure by LLIN (Eigure

bottom panel, Tabl&.2). Sublethakeffectsare defined as thosm pest insect feeding

behavior, movement, dispersal or progeny production after exposure to\WMeMere able

to rule out the effect of small study biadb{as = 0.54 + 6.3 = 0.09, df = 63P = 0.93). For

the sublethal effects, the effect size on thedefe from the vertical line represented a greater
effect size of LLIN because the behaviors of the exposed insects were decreasing compared to
the control in their specific studies. Significant sublethal effects after exposure to LLIN were
more prevalenin postharvest systems (8 out of 11 studies or in 72% of cases) than in
preharvest systems (3 out of 6 studies or in 50% of cases; Higutmttom panel).
Furthermorewhen we compared the overall sublethal effects of LLIN in preharvest and
postharvessystems, we observed that LLIN resulted in sublethal effects that wei@d!.9
stronger in postharvest environments (Figuge bottom panel). LLIN exposure was 2foid

more effective in causing sublethal effects in the laboratory compared to field deployments
but broad generalization here is limited because of low sample size for field studies (n =3 in
the field compared to n 48 in the laboratory; Figurk6, bottom panel). Insecticide netting
with deltamethrin incorporated caused sublethal eftbeiiswere 19old greater than netting
with alphacypermethrin (Figurd.7, bottom panel). LLIN induced sublethal effects in 10 out
of 16 tested species. A total of 78% (7 out obBhe postharvest insects exhibited sublethal

effects, while 57% (4 out of ©f the preharvest insects showed sublethal effects.

Case studies for use of LLINIn preharvest systems
The efficacy ofLLIN swas investigated on a diverse rate of species before harvest (Figure
1.2, top). Implementationsan be successfully usedpreharvest systemBor instance,

Arthurs et al (2018 reported that exposure to LLIN with 0.4 % deltamethriAT@rencé)
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had a significant effect on adsilbf the Western flowehrips, Frankliniella occidentalis
(PergandefThysanoptera: Thripidaegproduction on bean plants when compared with
untreated (insecticide control) and-net treatments. This study also reported that LLIN
causedhe mortality of almost all male and female adoft F. occidentalisat 2 h followinga
15-min exposure (971400 * 0 1.3%). Marianelli et al. (2019) demonstrated that LLIN with
deltamethrin (ZeroFf, VestergaardSwitzerland caused 10% mortality ofJapanese beefle
Popillia japonicaNewman (Coleoptera: Scarsdidae)even after 5 sf exposure, while
exposure to another LLIN with alpfegpermethrin (StoranBtBASF, Germany caused 89%
mortality. The brown marmorated stink budalyomorpha haly$tal (Hemiptera:
Pentatomidae) was shown to be genemslisceptibléo LLIN after exposure, both toLINs
that were impregnatedlith deltamethrin (Kuhar et al. 2017; Krawcyzk et2019 Ibrahim et

al. 2020) and with alphaypermethrin (Sabbatini Peverieri et al. 2018; Suckling et al. 2019).

In pre-harvest systems, there can be some difficulties in implementing LLIN. For
example, the small mesh size may lead to undesired results as they can exclude not only the
harmful insect pests but also the beneficial insects (Chouinard et al. B@tié). et al. 2015
demonstrated that LLINS led to a notable decrease in the migrationgrettre peach aphid,
Myzus persicaéSulzer) (Hemiptera: Aphididae) atite cotton aphidAphis gossypii
(Glover) (Hemiptera: Aphididae) without impacting the parasifgtidius colemanViereck
(HymenopteraBraconidaeAphidinae). However, field trialsxdicated that LIN
effectiveness diminished upon sun exposure, whereadftbacy of both bifenthrin and
deltamethrin was deemed insufficient in controlling populatafribe silverleaf whitefly,
Bemisia tabac{Gennadius) (Hemiptera: Aleurodidai)e to their small sizéd@adeet al.
2015).Further, it can also affect the ventilation and air capacity of the enclosed area by

reducing permeabilityhich restricts the apiglation of nets in plant production environments
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such as greenhouses and other contexts where air exchange is(Bedic&al Baker 2000,

Parra et al. 2004).

Case studies for use of LLINin postharvest systems

Immediate efficacy of LLINs
Studies conducted on the effect of Lidbin stored product insect species have primarily
focused on their lethal and sublethal impacts (Figuebottom). One of the main goals of
LLINs is to kill pests as soon as they come into contact with them. However, studies have
shown that the effectiveness of LLINSs in killing pestsnediately (e.g., within 24 h of
contact)varies depending on the insect species and how long they are exposed. For example,
some insects such &s elutellaandL. serricorneexhibited no immediate mortality even after
24 h of exposure thLIN with alphacypermethrinCarifend® (Rumbos et al. 2018For the
adults ofT. castaneumand the maize weevigitophilus zeamaiSlotschulksy (Coleoptera:
Curculionidae), at least 5 d of exposure to Carifendre needed to causkethal effect
(Paloukas et al. 2020iHowever, at the larval stagk, castaneurwas found to be less
susceptible to Carifeffg with 37% mortalityafter 7 d of exposuréGalan et al. 2024)
Conversely, adults of a wide range of stored product beetle species were highly susceptible,
showing immediate mortality starting from just 1 d of exposure and reaching 100% with
longer exposure to CarifefigPaloukas et al. 2020)

Apart from killing insects, LLINs can also knock down insects shortly after they are
exposed to toxic agent, which, apparently is a direct consequence of the exposure to
pyrethroids. Initial studies showed that 24 h contact with Cafifert caused 90% knock
down inL. serricorneandE. elutella(Rumbos et al. 2018around 80% ifP. truncatusand
R. dominicabut less than 9% i8. zeamaiand the confused flour beefleibolium confusum
Jacquelin du Val (Coleoptera: Tenebrionid@®gloukas et al. 2020pespite variations, the

knockdown effect of LLINs offers a promising approach for pest control. The immediate
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effect is indeed a crucial parameter as immobilized insects after exposure that remain on the
treated substrate after immobilization eventually die (Athanassiou et al. 2019). Hence, in the

case of Carifefy LLINcan be placed as vertical Acurtain
ground, in order for knockedown insects to remain in contact with the insecticide.

Along with the immediate knockdown and lethal effects, studies have explored the
impact of LLINs on the behavioral characteristics of stored product pest insects, such as
mobility and dispersal ability. Initial findings showed that exposure to LLINs can
significantly reduce the distance moved by adult$.afastaneurandR. dominicgusing DB
Terrenc® nets) by 24 fold immediately after up to 1fin of exposuré¢Morrison et al.

2018) This is particularly important, as immediate knockdown can prevent further dispersal
of the affected insects within the facilitynmature insects also move less after exposure to
LLINs, with movement decreases of 90% and 83% observed aftemldf exposure irT.
castaneunand the warehouse beeflepgoderma variabildallion (Coleoptera:

Dermestidae)respectively(Wilkins et al. 2020)

Delayed efficacy of LLINs

Delayed efficacy of LLIN extend beyond immediate impacts, as the influence of insecticide
Als persists even after exposukethal and sublethal effects continue to manifest over time,
becoming more pronounced with increasing fgiosurdime. For instance, despite the
absence of immediate lethal impact initialy h exposure to Carifeffdcaused5%

mortality in L. serricorne and100% mortality inE. elutellain the period of7 d from the
exposurdRumbos et al. 2018pimilarly, delayedmortality inP. truncatuganged between

95 100% depending on exposure time (2, 8, 24 h), with initial mortality rates as low as 10%
(Agrafioti et al. 2023)Other pest species suchths granary weevil§tophilus granarius

(L.) (Coleoptera: Curculionidae@ndR. dominicaalso exhibited delayed mortality, reaching

72% and 98% after d from exposure, respective{grafioti et al. 2023) Thedeltamethrin
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based LLIN D-Terrenc&) produced a similar pattern of increasing mortality over tintaén
rice weevil,Stophilusoryzae(L.) (Coleoptera: Curculionida€), castaneurandR. dominica

(Scheff et al. 2021)

The immediate knockdown effect following LLIN contact can persist into the post
exposure period in three ways: first, the temporary maintenance of knockdown status, second,
delayed mortality, and third, the potential recovery of initiktpckeddownindividuals
within the postexposureperiod For example, exposure to Terrence led to a transition
from knockdown to mortality within the first 2dfor T. castaneuniMorrison et al. 2018)

While knockdown status persisted for up td, Bome individuals recovered after 3 andl Th
contrastR. dominicaexhibited less recovery from knockdown during the {gxgtosure
period(Morrison et al. 2018)A similar trend was observén the case o€arifend® andL.

serricorne where the immediate knockdown rate decreased with increasingxpmsure
duration(Rumbos et al. 2018While the majority oknockeddownindividuals succumbed

to delayed mortality, fewndividualsrecoveredRumbos et al. 2018However, the

likelihood of delayed mortality iknockeddownindividuals depended strongly on the

duration of exposure, with less contact with the insecticide resulting in more recoveries during
the postexposure perio@Rumbos et al. 201&\Itung et al. 2021 The feeding ability and

availability of food also influenced recovery over ti(@eheff et al. 2021; Ming et al. 2084

In addition to delayed mortality, LLINs also affect the dispersal of exposed individuals
during the posexposure periodlhe mobility response af. variabilelarvae decreased
further after 24 from exposure, and movement speed and ability to reach new food resources
for T. variabileandT. castaneumadults and larvae were negatively affected with prolonged
period after contact with Ferrencé& (Wilkins et al. 2020) The distance moved and velocity
level werealso significantly decreased within the pegposure duration of up tod/in R.

dominicaandT. castaneunregardless of the phosphiresistant status dfhe populations
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tested(Ranabhat et al. 2022Y his finding highlights the potential of LLINS as 'resistance
breaker' for phosphine specifically, the most common type of resistance (Afful et al. 2018) in

stored product pest control.

The long in the longlasting shield

Although LLINs are advertised to maintain their efficacy fés Zears, depending on the

brand, there is a notable absence of studies that definitively prove this longevity concerning
stored product insects. Recent data suggest that the longevity ofethliashased_LIN on

a southfacing wall is about a year to a year and a half (Scheff et al. 2024). The same
deltamethrin neing -hadno decrease in efficacy over a-snonth deployment season even
with food dust accumulation at a rice processing faclgginsitl. castaneurandR.
dominica(McKay et al. 2024). Finally, in a twgear field study in 11@netric tonnecapacity
grain bins, Ranabhat et al. (2024a) found that the use of-eypleamethrin netting was

effective in reducing fumigation byB81%, while insect dispersal and progeny production
were both reduced by maifigid compared to positive and negative controls. Research
conducted in stored tobacco facilities demonstratdl6 s abi | ity to. effecti
serricorneandE. elutellafor over a year, without loss in efficacy through ti(A¢hanassiou

et al. 2019) Moreover, studies investigating the residual impact of Cafffenthboratory
settings have yielded encouraging results. Tests conducted over a period of 3 months on pests
like S. oryzaeT. confusumO. surinamensisandP. truncatugevealed that the efficacy of
Carifend® remained consistent throughout the duration of the study, mirroring its initial
performancdAgrafioti et al. 2021) Similarly, D-Terrenc& is able to maintain its

effectiveness for over a year (Scheff et al. 2020). TheBeienc& and Carifenl have

shown promising potential for lorigrm pest control. A field trial conducted Dy@deret al.

(2015) indicated that the concentration of bifenthrin in net exposed in field conditions for 2

months during the autumn decreased from 3.8 to 3.kgj ! This study mentioned that the
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durability of insecticides incorporated seemed to be jeopardized after one month, indicating
that nets may patrtially lose their effectiveness after sun exposure. Further, in the
Mediterranean area because of the intense light and UV radiation, the Infeotitent in net
significantly decreased from 3.6xkg' ‘at the beginning of the trial to 2.2 after one month of
exposure, and further declined to 1.9 by the end of the-thoeeh trial (Fernandez et al.

2017). Consequently, as the bifenthrin contarthe net decreased during the study, the
population levels of both pests and natural enemies were notably increased (Fernandez et al.
2017). However, the net longevity studies by Krawczyk et al. (2019) revVieigled

effectiveness ofLINs used for two consecutive seasons. The new nets argeaneld D-
Terrenc® (used during the last season and stored for the winter in the cold storage) collected
much higher numbers &f. halysadults and nymphs than the2 mtall pyramid traps baited

with the same numbef lures (Krawczyk et al. 2019). Additionally, the net trap which was

not stored during the winter, but was kept outside the whole year including summer and
winter, captured a similar numberldf halysaspyramid traps. The higher captures-of
halysinstars observed in the old net (2 year net) traps might be linked to elevated levels of
aggregation pheromone residues. It is possible that some residues, still active, remained
attached to the nets from exposure to pheromones during the previous(kgasmzyk et al.
2019). Further, deltamethrimased_LIN exposed to outdoor conditions provided high

mortality (>90%) of the Asian citrus psylli@iaphorina citri Kuwayama (Hemiptera:

Liviidae) up to 12 weeks and the efficacy decreased frai@dveeks. Thus, the
recommended replacement of the devel oped fiat
citrus trees is every 12 weeks to control psyllid (Trujillo20Regardless of the lack of
comprehensive studies on the extended durability of LLINS, @affifand D-Terrenc& have
promising potential for londasting protection against pests. Despite the detrimental effect of

certain abiotic factors in the residual efficacy of LLINS, their insecticidal effect can remain

16



for longer intervals than those of insecticides that are applied through regular spraying.

Further research is needed in real field settings to confirm and expand upon these findings.

Standard materials and active ingredients in LLIN

The most widely used LLINs contain the Als deltamethrin and atyparmethrin Table

1.4). A total of 84% (=37) of the studies used these two active ingredients, with alpha
cypermethrin comprising 43% (=16) of those, dettamethrin comprising 57% (=21). The
remaining nets used were experimental and consisted of propylene glycol, bifenthgin, SiO
andcarrageenbut together comprised less than 16% of the studies. The vast majority of nets
are sodium channel modulators. Mesh size for commercial nets varied frb@® Idles/crh

One of the most widely used insecticide nettings, Carffewds also the smallest mesh

netting (e.g., 100 holes/@&n The three main companies producing LLIN are Vestergaard,
BASF, and Sumitomo @&mical, though there are at least four other companies also
producing LLIN. In total, we found 17 products available in different parts of the world, but
only 59% are used in agriculture, and of those only 41% are or have had an EPA label in the
US. A totd of 41% are made of polyester, while 59% are made of polyethylene, and these are

the only two materials.

Exploring Alternative Coating Materials

The journey towards enhancing LLINs with alternative active ingredients for the management
of stored product pests began with an innovative approach involvingh&iparticles

(Agrafioti et al. 2020) The effectiveness of siliezoated nets was evaluated with different

doses targetin§. oryzaeandT. confusumThe results showed the potential of sHazmted

nets in controllings. oryzaeadults, achieving a 100% mortality rate within 7 days, even after
just 15 minutes of exposure. Howewvierthat study, the authors indicated that the same
exposure had little effect in the caselottonfusuntarvae(Agrafioti et al. 2020). Tis study

shed light on the promising role of silicaated nets in storedquuct pest management
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strategies, signaling the quest for alternative materials for LLINs. Another investigation aimed
to combine botanical insecticides with nets for the management of stored product pests.
Incorporating nets with thyme essentiatioéised nanemulsions provetb be effective in

causing high mortality rates h castaneundespite the unsuccessful repellent activity of the

LLIN (Mangang et al. 2022)

In yet another study, researchers delved into enhancing the potency of LLINs by
improved concentrations of alpleggpermethrin, across a range of doses from 10 to 325 mg
xm? targeting stored tobacco pegfghanassiou et al. 2023lVhile the commercial alpha
cypermethrirbased LLINCarifend® contains 163.2 mg m of active ingredient, the
findings illustrated that even a concentration as low as 18 mg proved highly effective
against both.. serricorneandE. elutellg with efficacy being proportionally increased with
the increase of concentratioffthanassiou et al. 2023)hese studies highlight ongoing
efforts to find better coating materials for insect nets, offering potential improvements for

managing stored product pests.

Discussion

The use of LINs in managing pests before and after harvest in agriculture has emerged as a
promising strategy for mitigating the significant economic losses caused by insect
infestations. However, while our work shows that LLINs can be effective in both preharvest
and patharvest systems, our metaalysis shows that LLINs are especially effective in

durable stored productSonventionathemical control methods have often proven
insufficientdue to the emergence of pesticide resistance among many agsbecss In this
context, the efficacy and sustainability of LLINS, which can be layered on top of other tactics
in a holistic IPM program and act in the background, offers a compelling solution to reduce
pre- and postharvest losses while enhancing gladiad security. LLINs are bandlarge

chemical barriers, and depending on mesh size can also be physical barriers as well. They
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generally apply the active ingredient at much higher concentrations than residual contact
insecticides andhay thus garner certain advantages over other delivery methods for
insecticides. For example, one incontestable advantage of LLINs is their targeted application
over the rather broadscale application of insecticides, aerosols, or fumigants. In addstion, i
possible to eliminate contact in the postharvest application of LLINs with the commodity, and
they generally have an increased efficacy agaimstia range of insect species at the
postharvest stages of durable agricultural commoditiéssast in some cas@&grafioti et al.

2021; Wilkins et al. 2021).

Research into the effectiveness of LLINs in agriculture has expanded over the years
(Figurel.l), encompassing various aspects of LLIN dynamics and application scenarios.
From the early investigations conducted by Martin et al. (2006Mmathgo and Longwe
(2013)to recent advancements, the field has matured, with evolving methodologies and
insights. Recent empiricaliynformed ecological modeling has found that LLIN reduces
fecundity and survivorship df. castaneumat food sufficiently that populations end up
extirpating in 15 generations when no immigration is present (Ranabhat et al. 2024b). This
synthesis and temporal analysis underscores the growing recognition of LLINs as an effective
strategy for mitigating @ and postharvest losses caused by insecttatfess. Early
investigations have focused on immediate lethal effects, demonstrating the potential of LLINS
to kill pests upon first contact. However, recent advancements have revealed sublethal and
delayed effects, elucidating the persistent effect gédticidal ingredients following
exposure. While immediate effects are crucial for initial efficacy assessments, understanding
delayed effects is equally essential for evaluating-temng pest control strategies. These
delayed and sublethal effects maydven more important than immediate ones in the case of
LLINs, as the majority of these nets are based on pyrethroids, that cause immediate

knockdown, that can either lead to mortality or recovery (Agrafioti et al. 2023). This is why
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the placement of these nets should be in such a way to maximize the insect contact with the
treated substrateven after the initial knockdow{®umbos et al. 2018; Athanassiou et al.
2019). In this context, we consider that pesposure interval and immobilization are equally

important with the initial contact with the insecticide.

The increasing resistance of stored product pests, particularly to insecticides like
phosphine, underscores the potential importance of LLINS as an alternative IPM tool. It may
be possible to leverage the efficacy of LLIN against these resistant pestspgring results
against both resistant and susceptible populations. A notable stirBnlphat et al. (2022)
found thatthe deltamethrirbased LLIND-Terrencé resulted in similar lethal and sublethal
outcomes, such as distance moved and velocity, in both phosgkistant and susceptible
populations oR. dominicaandT. castaneumThis finding can be considered further the
potentialutilization of of LLINs as 'resistare-breakerfor the resistance to the most
commonly used fumigant phosphine (Afful et al. 20ib8tored product pest control. The
potential of the utilization of LLINS as phosphine resistance breakers requires additional
investigation. Br instance, Athanassiou et al. (2019) tested Cafffendobacco that had
been previously fumigated wdttehy pdloesgprhd naep p rum
Further in the preharvest system as well, the use of $tild be a novel approach to
control the insect pests that developed resistance to most of the major categories of
insecticides and/or fumigants (except pyrethroids), as well asi@sistance to many
insecticide classes. However, there were very fedias for assessing the efficadyLdINs
against resistant insect species. For instg@tkge et al(2018 conducted contact toxicity
bioassays to test the efficacy of four different types of Zefofelgltamethririncorporated)
net against the susceptible and insecticidektail resistant thirdhstarColorado potato
beetle Leptinotarsa decemlineat{®&ay) (Coleoptera: Chrysomelidaahd reported that all

treated LLIN, except JLCB061009 (ZerofWestergaard trial batch, 12 x 10 woven
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polyethylene monofilament) caused >90% mortality within 24 h of exposure for both
susceptible and resistdntdecemlineataMore studies should be assessed to evaluate the
possible role of LLIN in resistance management in preharvest systems, as it may compliment

ongoing efforts to combat resistance in preharvest systems.

The most commonly assess&ld in LLINS have been alphaypermethrin and
deltamethrin due to limitations in the availability of commercial options on the international
market. Only a handful of studies employed othks; includingthe oneconducted by
Agrafioti et al. (2020)which employed silicaoated nets, with good results. Other studies
have employed permethrin, bifenthin, and propylene glycol. At present, one of the possible
risks in the consistent utilization of LLINs before or after harvest in pest management
prograns is the potential development of pyrethroid resistance. Taking an innovative
approach, Ming et al. (2024b) found adding the synergist piperonyl butoxide could increase
the efficacy of CariferftlagainstR. dominicaby six-fold. Other novel approaches irban
entomology, such as employib@lINs containingdual Als with different modes of action
and targets in the inse@arker et al. 2023show promise and can be adapted for use in

preharvest and postharvest production systems.

Currently,the insecticide Alsncorporate into LLINs are mainly pyrethroids with
knockdown activity againshsectsAs new LLINs are deployed before and after harvest in
pest management strategies, passiblethat other insecticide groapan be potentially
utilized. However, other insecticides mback the immediate knockdown effect associated
with neurotoxicpyrethroids This knockdown effect hasetbeen crucial, as immobilized
individuals within the first few minutes of contact can remain on the substrate, extending their
exposure duration to the nets until eventual death (Wilkins et al. 2021; Gerken et al. 2021a)
Sinceotherneurotoxic insecticides lack this knockdown effect, research focusiregdaning

the killing time of these insecticides to be incorporatedlihitNs will be essential for
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informing their deployment in agricultur@dditionally, the simultaneous use of other

insecticides and/or insecticide synergists (e.g., piperonyl butoxide) along with pyrethroids

may provide the inferences necessary for an increase in efficacy, even after the removal of the
exposed insects frorhe treated substrate. Silibased compounds can effectively serve

towards that direction (Agrafioti et al. 2020).

Considering that LLINs may require extended exposure times to achieve optimal
mortality rates, integrating them into traps could present an effective -attrdkill strategy
(Krawcyzk et aR019 Suckling et al. 2019; Gerken et al. 2021b; Wilkins et al. 20Btigse
traps in preor postharvest environments are equipped with LLINs and combined with
pheromonal or kairomonal stimuli to attract insects and facilitate their elimination, offering a
targeted and efficient method for managing pest populations (Morrison et al. 2021) while
addressing the need for prolonged exposure associatedlviMB. Initial findings indicate
that combining LLINs with interception traps is highly effective in eliminalingastaneum
R. dominicaandT. variabile(Wilkins et al. 2021) Furthermore, traps equipped with D
Terrenc® have no adverse effect on pest attraction while effectively inhibiting the progeny
production of captured insects. Research findings also demonstrate the enhanced impact of
LLINs when combined with attractant lures, supporting the promising approadract at
andkill (Kuhar et al. 2017; Krawcyzk et @019 Suckling et al. 202;9Vilkins et al.2021)
Overall, by leveraging natural attractants in combination with LLINSs, attrackill
strategies could offgrotential synergistic effects in controlling insect populations. Further
research exploring the feasibility and efficacy of integrated aténaatkill approaches can

unlock new techniques for sustainable pest management.

Different life stages of insects may display varying susceptibilities to LLINS, which
can influence the overall efficacy of these interventions. Furthermore, the developmental

stage of certain insect species can affect their behavior and interactiotreati
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substrates, impacting factors such as feeding habits, movement patterns, and susceptibility to
insecticidal effects. For instance, exposure to the ZePofely 10 s resulted in >90%

mortality ofH. halysnymphs and just >40% mortality bf. halysadults. Exposure to the net

for 10 min resulted in 100% of nymahand 84% of adulinortalities inH. halys The

immediate mortality of. castaneuradults after 7 days of exposure to Carifersi

approximately 16%Paloukas et al. 2020Whereas the same duration results in a 37%

mortality in the larval stag@alan et al. 2024 However, these findings may vary depending

on species and life stage characteristics. Larval stages of speciEsvdabileandT.

inclusummay have limited contact with LLINs due to their dense hairy bqéasabhat et

al. 2023) Similarly, the mobility and dispersal ability ®f castaneurandT. variabilelarvae

are less affected than adults after exposure-T@enc® (Wilkins et al. 2020)However,

there is still inadequate information about the lethal and sublethal effects of LLINS on

different life stages of stored product pests. Investigating the potential impact of LLINS on
reproductive capacity and population dynamics at differemslifiges can provide valuable
insights into the longerm efficacy and sustainability of LLHdased interventions.

Apparently, adults and larvae can be prioritized in future research, as these are the mobile life
stages of holometabolous insects, and hethese are the life stages that can be in contact

with LLINs. Indirect delayed effects on certain life table characteristics, e.g. adult fertility

after exposure, pupal formation and adult emergence from previously exposed larvae, can be

also included irfuture research.

The utilization of LLINs shows promise for agriculture in multiple systems, yet their
adoption remains limited, and they are not yet considered a standard tool stréfddies.
Several factors may contribute to this limited adoption and highlight the need for additional
research to address existing challenges and uncertainties {I3bl@ne significant barrier

to the widespread adoption of LLINs may be the lack of comprehensive field studies
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reflecting realworld application scenarios (Athanassiou et al. 2019). While laboratory
experiments provide valuable insights into Lkltlynamics and effectiveness, field trials are
essential for assessing practical feasibility and scalability, elucidating the influence of
environmental factors. Field studies were notably the least represented among our dataset, but
the few field studiesiere are suggests great promise for LLINS. For example, in bulk storage,
Ranabhat et al. (202%found using alph&ypemethrin netting could reduce pest dispersal

and progeny production by multiple fold, while fumigations could be reducedi®188in

110 metric tonne grain bins. Additionally, the effects of LLINs on natural enemies that exist
on stored commaodities, eitheaturally or through biological control programs, remains

largely unknown. Irpreharvessettings, some studies reported the use of exclusion netting
without anyinsecticide incorporatiom field conditions (Tasin et al. 2008auphanor et al.

2012 Chounard et al. 203; Leach et al. 2023). However, there are very few field studies of
netting with insecticide in realorld, commercial settings ioreharvesagroecosystems. One

of thefield trials revealed that LLINs led to a significant decrease in the migration bf.the
persicaeandA. gossypiwithout impacting the parasitoil. colemaniwhich showed the
promising use of LLIN in the real setting (Dader et al. 20l8wever, another study showed
that bifenthrin incorporated LLIN wasbkbterious to adults of both natural enenties

predatory miteAmblyseius swirskandthe parasitoiEretmocerus mundyslymenoptera:
Aphelinidag after 72 h exposure to LLIN in lgfrernandez et al. 2017 urther, this study

also reported that both of these natural enemies were neither attracted nor repelled by LLIN
and in the serviield trial, no negative effects were observed on the beneficial capadity of
Mundusandin field trial, LLIN deployment was compatible with swirskiiwhile decreasing
pest densitieHowever, more field trials are required in different agricultural settings to
determine the effect of LLIN on various natural enemiggleD et al. (2015) demonstrated

that sun exposure dimsthied the effectiveness of LLIN. Furthere,due to the size of the
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holes in the LLIN, the potency of both bifenthrin and deltamethrin was deemed insufficient in
controlling small body sizB. tabacipopulations ([aderet al. 2015). It is crucial to consider

the mesh size of LLIN which can affect the behavioral dynamics of the species involved.
Compact mesh dimensions may yield unintended outcomes by potentially excluding not only
harmful insect pests but also beneficial ones (Chouinard et2d). Eurthermore, developing

clear guidelines for deploying, maintainingdamonitoring LLINS is crucial for ensuring
consistent and effective pest control in agriculture supply chain. Comprehensive research that
also includes a grower or stakeholder standard protocol is needed to evaluate the efficacy of
LLINs across a wide ramgof pest species, systems, and environmental conditions to identify

optimal deployment strategies and maximize their impact on pest populations.

Critical research gap: field studies

The initial exploration of LLINs in stored product protection took shape through a field trial
conducted in a tobacco facility with the aim of curbingerricorneinfestation(Msango&
Longwe 2013)This trial revealed promising results, indicating that the combination of
phosphine fumigation with Carifefichets offered superior protection agaibsserricorne
infestation, thereby mitigatingHiafestation risks pogphosphine treatment. These findings
attracted the interest among researchers regarding the potential of LLINS in stored product

pest management systems.

Ranabhat et al. (2024a) conducted a-year field trial in grain bins showing that
alphacypermethrin LLIN can be leveraged in bulk storage to protect wheat and reduce
fumigations by 6891%. In addition, damage in silos was reduced 8% compared to
controls, while progeny production was reduced biy989% compared to insecticideee
netting and nenetting controlsRanabhat et a024g). In addition, both deltamethriand
alphacypermethrin LLIN were used successfully over 6 months by McKay €1G#14] to

induce mortality ofT. castaneurandR. dominicaat a commercial rice processing facility.
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Athanassiou et al. (201@mphasized on the efficacy of Cariférak an alternative to
traditional insecticidal treatments (such as phosphine fumigation) in managing pests in stored
tobacco, in a series of field trials. Through séield and field experiments, Carifefid
demonstrated its effectiveness in preventing infestatiors bgrricorneandE. elutellafor
over 6 months, providing valuable protection to tobacco boxes (Athanassiou et al. 2019).
Another significant study delved into the implementation efédrenc& nets in tapping
systems for stored product management is thefitkins et al. (2021)In that study, the
authors reported that LLINs significantly reduced insect infestations in warehouses and
interception traps positioned around facility perimeters, highlighting their potential as a
barrier against stored product insects. FurthermoiBgiPenc& proved adept at blocking
insects from reaching commaodities, achieving remarkable reductions in infestation rates of up
to 93% and progeny production reductions of up to 100%. Nevertheless, up to date, no more
field studies have been carried dubwever, the existing findings underscore the robust

potential of LLINS in stored product pest management.

An important consideration in assessing the efficacy of LLINs is the potential repellent
effect, particularly in pyrethroitbased LLIN Such side effects of pyrethroids in repelling
insects are also recognized in combination with nets used against disease vector mosquitoes
(Kawada et al. 2014 he repellent effect of pyrethreidcorporatedhets has been
consistently demonstrated, even on populations of mosquitoes that are resistant to these
chemicalyBowman et al. 2018 However, the pattern is quite different on stored product
insects. For example, repellent effects on stored product pests have been investigated by
Scheff et al. (2021)who found no evidence of lofdjstance or contact repellency or
attraction by DTerrenc€ onT. castaneurR.dominica andS. oryzaeBeyond thisresearch
hasfound when stored product insects are given the choice betkdldnand untreated

netting in a Petri dish, they spend an equal time on both (Sdesff et al. 2021 )Finally,
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almost 10species oftored product insects have been assessed for repellency to deltamethrin
netting, and none was found for any of them. However, this has been a research gap in
preharvessystems, and followap work should evaluate potential repellency by pests in
multiple agroecosystems. The efficacy of LLINs could be compromised if insects are repelled
from direct contact with treated surfaces, particularly in scenarios where altepstiveys
remainaccessibleLLIN exhibiting repellency to prehaest pests may form the basis for the
development of behavioral resistance, and the exploitation of alternative pathways to enter

fields and orchards to infest the commodity.

Another research gap alluded to above is the lack of studies investigating response of
pyrethroidresistant insects to deltamethrin or akglypermethrin. These tests have neither
been done in a preharvest nor a postharvest setting. However, understamdasponse of
insects from both systems would be beneficial in determining an adequate resistance

management plan for growers and food facility managers.

Conclusions

In summary, addressing existing knowledge gaps and challenges is essentidl féroLs

broader adoption and integration into IPM strategies. Continued research efforts focused on
field-level understanding of LLIN efficacy, standardization, resistance management, and
environmental impact assessment are necessary to unlock the fuliggatebt INs and

promote their use as a standard tool in stored product pest management programs. However,
challenges such as limited field studies, uncertainties aboutrtipact on natural enemies,

and the absence of clear deployment guidelines hinder their widespread adoption. Addressing
these challenges through comprehensive research is essential for maximizing the effectiveness
and sustainability of LLINoased pest manament strategies. Ultimately, continued efforts to

optimize the deployment of LLINs hold promise for enhancing pest control practices and
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reducing postharvest losses in stored product environments, in conjunction with other

reducedrisk control methods.
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Figure 1.1 Increasing publication trend of peer-reviewed manuscripts investigating the
efficacy of LLINs in agriculture

Increasing publication trend in the number of pestiewed manuscripts over the years
investigating the efficacy of LLINs on prand postharvest pest insects in agriculture
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Figure 1.2 Distribution of investigated preharvest and postharvest species, utilized
LLIN s, and type of studies

The distribution of investigated preharvest (top) postharvest species (bottom), utilized
insecticideincorporated nets (LLIN), and types of studies. "n" indicates the number of
studies.
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Figure 1.3 Criteria used for inclusion of studiesand for the metaanalysis on the effects of
LLIN on agricultural insects

The criteria used for inclusion of studies and winnowing of the pool of data for the
metaanalysis on the effects of LLIN exposure on agricultural insects.
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(grey) and postharvest (blue) agricultural systems among multiple studies. Bars represent +
95% confidence intervals, and bars not overlapping with a mean effect of zero (dotted line)
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Figure 1.5 Overall effect size of exposure taLIN in preharvest and postharvest

agricultural systems

Overall effect size (standardized mean difference) of exposure tddsingg insecticide
incorporated nettin@_LIN) in preharvest and postharvest agricultural systems. Direct
mortality is shown on top, and sublethal effects on bottom. Bars represent + 95% confidence
intervals, and bars not overlapping with a mean effect of zero (dotted line) show a significant

effect.
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Overall effect size (standardized mean difference) of exposure tddsingg insecticide
incorporated nettin@_LIN) at different scales, including, laboratory, sdmaid, and field on
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Figure 1.8 Overall effect size of exposure thLIN on different species related with
preharvest and postharvest via direct mortalityand sublethal effects

Overall effect size (standardized mean difference) of exposure tddsingg insecticide
incorporated netting (LLIN) on different species related with preharvest (grey) and
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(dotted line) show a significant effect.
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Table 1.1 Mean difference and 95% Cls for mortality after exposure to longlasting insecticideincorporated netting (LLIN)

Studies Mean 95% (Cls) z P value
Difference  LOWer Upper
Agrafioti et al. 2020 6.9 3.6 10 2.6 0.071
Agrafioti et al. 2021 82 81 83 170 <0.001
Agrafioti et al. 2021 49 47 51 74 <0.001
Athanassiou et al. 2022 7.8 3.2 12 3.4 0.210
Fernandez et al. 2017 84 81 87 60 <0.001
Galan et al. 2024 18 15 20 12 0.140
GoOkce et al. 2018 43 41 46 39 <0.001
Martin et al. 2006 -52 -68 -36 -6.3 <0.001
Martin et al. 2013 76 64 88 12 <0.001
Martin et al. 2014 22 17 28 8.0 < 0.001
Morrison et al. 2018 42 39 44 33 <0.001
Paloukas et al. 2020 52 50 54 48 0.010
Ranger et al. 2020 -6.1 -8.2 4.1 -8.2 0.002
Rumbos et al. 2018 7.2 2.0 12 1.6 0.150
Sabbatini Peverieri et al. 2018 46 44 48 45 <0.001
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Table 1.2 Mean difference and 95% Cls for sublethal effects afteexposure to longlasting insecticideincorporated netting
(LLIN)

Mean 95% (Cls)
Studies ] Z P value
Difference  Lower Upper
Anaclerio et al. 208 97 94 100 60 <0.001
Arthurs et al. 2018 -4.9 -5.9 -3.9 -9.6 <0.001
Athanassiou et al. 2018 -16 -20 -11 -7.4 <0.001
Biondi et al. 2015 -30 -40 -21 -4.3 0.280
Campbell et al. 2018 -700 -1,000 -390 -4.5 <0.001
Dader et al. 2015 0.070 -0.63 0.77 0.20 0.850
Domingue et al. 2021 -4.0 -4.7 -3.3 -11 <0.001
Domingue et al. 2022 0.13 -0.037 0.30 1.7 0.180
Fernandez et al. 2017 -1.4 -6.6 3.9 -1.0 0.290
Gerken et al. 2021 -46 -50 -42 -16 0.120
Ibrahim et al. 2020 -190 -260 -130 -14 0.190
Martin et al. 2014 -16 -19 -13 -9.9 <0.001
Morrison et al. 2018 -900 -970 -830 -27 <0.001
Ranabhat et a022 -330 -350 -310 -32 <0.001
Ranabhat et al. 2023 -88 -100 -72 -11 <0.001
Wilkins et al. 2020 -550 -600 -500 -21 <0.001
Wilkins et al. 2021 -12 -16 -7.9 -6.0 <0.001
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Table 1.3 Research gaps on lordpsting insecticideincorporated netting (LLIN) and future directions, using the current meta-

analysis as the basis

Rank Importance

Gap

Description

Guidelines for deployment

Fieldi scale research

Role in resistance management

Focus on improving attributes of
LLIN

Assessing repellency of LLIN

For each system argpecies, need a comprehensive set of deployment guidelines, length of time, an
optimal locations to facilitate stakeholder confidence

Need fieldi scale and/or commercial implementation of LLIN showing success relativgrower or
stakeholder standard (at least positive control or negative control)

Require testing on whether LLIN can break ke

worsen the development of existirggistance problemsspecially for preharvest systems

Ideal if novel active ingredients were options in commercial LLIN in agriculture and/or if action of ex

netting could be improved with a synergist

Especially in preharvest agroecosystems, assessing the potential repellency of LLIN to target insec

life stages
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Table 1.4 Summary of information about commercially available (globally) longlasting insecticideincorporated netting

(LLIN)
No.
EPA published
Label studies in
Mode of in Used in Ag from
Net Product Net Manufacturer? Materials Mesh size Concentrations of Als IRAC# Action USA  Agriculture review
0 -
D-Terrencé& Vestergaard Inc.  Polyethylene 32 holes/cm? 0.4% (wiw) ga  Sodiumchanne -y Yes 12
deltamethrin modulator
0 .
Carifen® BASF Polyester 100 holes/cm? Beertt (i) a_lpha 3A S EEIE Yes Yes 8
cypermethrin modulator
32i 33 holes per 3.854 mg Allg Sodium channe!
Zerofly® Vestergaard Inc.  Polyethylene on? deltamethrin 3A modulator Yes Yes 4
Storanet® BASF Polyester 24 holes/cr 1.57mg Allg . 3A Sodium channe No Yes 2
alphacypermethrin modulator
Toughguard® SumitomoChemical Polyethylene 1x1mm? 2% permethrin 3A Sogqlg?ugg?ne\ No Yes 1
. : o0 .
AgroNet A to Z Textile Mills Polyethylene O.9_mm pore 1i 2% alpha_t 3A Sodium channel No Yes 3
Ltd. diameter cypermethrin modulator
PermaNet® Vestergaard Inc. Polyester 40 holes/cm? Eendian ga  Sodiumchanne -y Yes 1
deltamethrin modulator
PermaNet® 2.0  Vestergaard Inc. Polyester 12 24 holes/crh LA g/kg 3A ST ERETIE Yes Yes _
deltamethrin modulator
Sodium channe!
4g/kg (400 mg/m?) modulator +
PermaNet® 3.0 Vestergaard Inc. Polyester 611 79 holes/cm? deltamethrin + 25g/kg ~ 3A Metabolic No Yes _
(2500 mg/m?) PBO® enzyme
inhibitor
Sodium channe!
modulators +
84 mg/m2 or 2.1 g/kg Uncouplers
PermaNet® ) deltamethrin + 200 3A + of oxidative
Dual Vestergaard Inc. Polyester 24 holes/cm mg/m? or 5 glkg 13 phosphorylation No No _
chlorfenapyr via disruption
of proton
gradient
Olyset® Sumitomo Chemical Polyethylene 61 holes/cm? 2% permethrin 3A Sogqll;(rjnuﬁ;gpne\ Yes No _
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Sodium channel

Olyset® Pro  Sumitomo Chemical Polyethylene 61 holes/cm? 2% permethrin 3A modulator Yes Yes _
Sodium channe|
) o : o modulator +
OlyseE Plus Sumitomo Chemical Polyethylene 61 holes/cm? A0 pergggmrm i 3A Metabolic No No _
enzyme
inhibitor
Sodium channe!
modulators +
Uncouplers
100 mg/nt alpha el
Interceptor® BASF Polyester 61 holes/cm? cypermethrin + 200 3A+ O RIS No No _
G2 13 phosphorylation
mg/n? chlorfenapyr s ;
via disruption
of proton
gradient
DawaPlus®?.0 Tana Netting Polyethylene 61 holes/cm? 0.05% deltamethrin 3A Sogllg(rjnuf:;i?ne\ No No _
. 0 .
DuraNet® Shobikaa Impex Pvt. Polyethylene ~61 holes/crf 0.55% (w/w)alpha 3A Sodium channe! No No ~
Ltd. cypermethrin modulator
Disease Control " ., 5.8 g/kg or 261 mg/m? Sodium channe!
Royal Sentry® Technologies, LLC polyethylene 61i 79 holes/in alphacypermethrin 3A modulator No No _

alocation of manufacturers: Vestergaard Inc., Lausanne, Switzerland; BASF AG, Ludwigshafen, Germany; Sumitomo Chemicadpaokyoto Z Textile Mills
Ltd., Arusha, Tanzania; Tana Netting, United Arab Emirates; Shobikaa Impex Pvt. Ltd., Tamil NaaluDiselase Control Technologies, LLC, Greenville, SC, USA

b PBO- piperonyl buoxide, a synergist

¢ Used in agriculture in Japan
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Published askanabhat, S., Zhu, K.Y., Bingham, G.V. and Morrison lll, W.R., 2022. Mobility of
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Tribolium castaneunfColeoptera: Tenebrionidae) after exposure to controlled release materials

with existing and novel active ingredients. Journal of Economic Entomology, 115(3), pp.888

903. https://doi.org/10.1093/jee/toac033
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Abstract

There is interest in developing controlled release materials (CRMs) with novel modes of action
to improve resistance management. Ldasgfing insecticidencorporated netting (LLIN) with
deltamethrin has been effectively used against sforeduct pestddere we evaluated the

efficacy of different CRMs (LLIN opackaging with each of fouractive ingredientsAl)
(deltamethrin, permethrin, indoxacaegmddinotefuran) and compared them to con@&Msin
reducing movement and increasing mortality of phosphusceptible aneresistant

Rhyzopertha dominicandTribolium castaneumAdults were exposed for 0.5, 2, or 60 min, and
their movement was assesseunediately or afteR4, or 168 h using videdracking and

Ethovision software. We recorded total distaand velocitytraveledby adults Finally, we

tested higher rates of ea8h on surrogate netting material (e.gtandardizegized cheesecloth

and varied exposure time obtainmedian lethal timel(T so) for eachcompound and

susceptibility. Exposureto LLIN with deltamethrin significantly reduced the movement of both
species compared to the other CRMs regardless of their susceptibility to phosphine. Deltamethrin
was the most effectival for both species, while dinotefuran and indoxacarb were the least
effective forR. dominicaandT. castaneunadults respectivelyMost Als resulted in appreciable
and approximately equivalent mortaldy higher concentrations among phospfsnsceptible

and resistant strain@ur results demonstrate that CRMs cambeadditional approach to combat
phosphineresistant populations of stored product insects around food facilities. Other
compounds such as permethrin, dinotefuran, and indoxacarb are also effective against
phosphineresistant populations of these key stbproduct insects except indoxacarbTor

castaneum
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Introduction

Stored products include cereglsins, legumes, and other durable or processed commodities.
Together, these products significantly contribute a high value to the economy as well as to global
food security. In the US, the production for rice, wheat, and corn alone represents a véaflie of $
billion USD (USDA-NASS 2019) As commodities move along the supply chain from farms to
end consumers, insects may readily attack at each link. Insect damage causes economic losses by
reducing the quality and quantity of food for human consumption. Annuabpo2 of
commodities are kt after harvest from insect infestati@avis 1991) translating to over $100
billion in losses of food products globallwacker 2018)As a result of insect contamination,
stored products may act as allergens or health hazards if not managed appropriately after harvest
(Hubert et al. 2018)rherefore, it is critical to develop effective pest management strategies to
mitigate losses.

The most common pest management tactic after harvest is fumigation in bulk storage of
commodities. Historically, methyl bromide and phosphine were the most common fumigants
used, but the former was phased out of usage in most applications due to iteods|atée in
depleting the ozone layer in the atmospl{€relds and White 2002Phosphine is still widely
used as the main fumigant after harvest but has experienced increasing problems with its use. For
example, there has been a dramatic rise in phospéaistant populations of at leastjhtstored
product taxa around the worllayaket al. 2020)Furthermore, there has beggrowing
demand for low or no insecticide residues by consumers even after l{Batdstet al. 2007)As
a result, there has been an increasing push to diversify integrated pest management (IPM)

programs for stored products.
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Stored product insects regularly are moved around food facilities through two primary
methods. First, stored product insects may be moved among facilities or different parts within a
facility through humasmmediated movement. This may periodically happeemteceiving new
commodities at a facility, when moving commodities to different parts of a facility internally, or
when insects move independently in a facility after storage of new commd@itiegpbell et al.
2002) Secondly, stored product insects may immigrate into food facilities from the surrounding
landscape. It is weknown that stored product insects have wild refugia and hosts in the
landscape, even far away from food facilities such as in prairie ecosydiamsal. 2008)
Additionally, in wooded and open sites, stored product insects stilch Esser grain borer,
Rhyzopertha dominicgr.) (Coleoptera: Bostrichidagpay move 260375 m in a short period
(Mahroof et al. 2010andthelarger grain bone Prostephanus truncatyglorn) (Coleoptera:
Bostrichidae)is known for switching between wooded habitats and grain stQresllhorst et
al. 2021) Indeed, others have called for insect movement to be explicitly considered in IPM
programgJian 2019)

One way to prevent insect movement both by insects within a food facility and those
immigrating from the landscape may be to use controlled release materials (CRMs). CRMs may
be defined as formulatgmblymermatricescontainingactive ingredientssich asnsecticides)
designed to be effective fepecificperiods of timeaunder specified conditionaffecting insect
pests in one or all of the following ways; reduced fecundity, knock dowmartdlity (Calvert
and Billingham 1979, Limm and Hollifield 1996, Focke and Van Pareen 2011, Gesta et al. 2015)
A subset of CRMs are known as lelagting insecticidencorporated netting (LLIN), which
have historically been used as bed nets to prevent the spread of arihoopedisease in

tropical regiongAlonso et al. 1991, Barlow et al. 200but more recently are being assessed in
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pre-harvestKuhar et al. 2017, Bergh and Quinn 2028y postharvest agriculturéMorrison et

al. 2018, Rumbos et al. 2018)_INs have the added benefit of allowing airflow because of their
larger mesh size, enabling them to be used on vents and in other areas where food dust
accumulation may otherwise be a problem. Another subset of CRMs are insentioigmrated
packagingwhich act as a barrier to insect immigration on a smaller §ealedyal et al. 2017,
Scheff et al. 2021)The expanded use of CRMs may provide an additional tactic to diversify
postharvest IPM programs.

Over the last four years, the efficacy of a deltametimorporated LLIN has been
intensively investigated for both sublethal and lethal effects. Prior work has found that exposure
to LLIN by multiple stored product insects resulted in movement thiatlisced by 5075%,
while dispersal was reduced byi990% compared to contralMorrison et al. 2018, Wilkins et
al. 2020) Direct lethality for five out of eight stored product species ranged frara3es after a
5-minute exposuréScheffet al.2022), while multiple exposures to netting resulted in the same
lethality as a single longer expos(@zerken et al. 2020).LIN has been shown to be effective
for over a yea(Scheff et al. 202), while their deployment in pilescale warehouses, regardless
of specific method, resulted in 93% fewer insects dispersing to a commodity as well as 99%
fewer progeny produced after 6 weeks compared to a cgWiikins et al. 2021)Thus, LLIN
has exhibited great promise for diversifying IPM programs for stored products.

However, despite the positive results, one concern about using LLIN is its role in the
resistance management of stored product insects at food facilities, including whether its use may
promote resistance by stored product insects frinsary active ingredient, deltamethrin, and
whether LLIN could be effective at controlling phosphiesistant insects. There has been a

dearth of studies testing CRMs with differéqis containing other modes of actidn Greece,

60



there have been tests using Carifend®, an LLIN thatasggpermethrin and which has shown
good efficacy in the laboratory and figlRumbos et al. 2018, Athanassiou et al. 2019, Paloukas
et al. 2020)A recent study testesllica-coatednetsfor efficacy againsadults ofthe rice weevil
Sitophilus oryzaél..) (Coleoptera: Curculionidae) atatvae of he confused flour beetle
Tribolium confusundu Val (Coleoptera: Tenebrionidae), and found that while mortality reached
100% for weevils, it never rose above 34% for the la(da@eafioti et al. 2020)Anaclerio et al.
(2018) on the other hand, tested a permetimoorporated netting for control &. oryzaeand

found it induced 98% mortality. Howevenost of these studies have assessed compounds with
similar modes of action, ant study has assessed whether LLINS are effective at preventing
movement by or inducing mortality of phosphiresistant populations of stored product insects.
Consequently, there is both a critical need to assess CRMs witAlaeas well as assess how
existing and nevAls may be effective againphosphineresistant stored product insects. In
particular, the incorporation of CRMs with novel modes of action might improve resistance
management and significantly reduce the risk of phospigisistant populations at food facilities
by providing multipe barriers to infestations.

Potential alternativals for consideration in CRMs include permethrin, dinotefuran, and
indoxacarbPermethrin is a type 1 pyrethroid, that has been shown to be less irritant than the
currently used type 2 pyrethroid deltamethrin for operators when yarns are produced, and also
when handled by rice mill warehouse workers in tropical climates such aarichédingham
G.V. unpublished data), but may still provide the desgeitk knockdown Dinotefuran is an
agonist against nicotinic acetylcholine receptargl has been found to be highly effective
against six species of stored product ins@&tthur and Fontenot 2013ndoxacarb is a

reducedrisk oxadiazine that has albeenshown to have some efficacy against stored product
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insectgKhan 2020) Each of these may be good candidates for inclusion in CRMs to diversify
the options ofAls available to stakeholders at food facilities.

Two critical and cosmopolitan stored prodpestspecies foassessing LLINbased
managemerdtrategiesarethe red flour beetlelribolium castaneunfHerbst) (Coleoptera:
Tenebrionidag)andR. dominicabecause phosphifresistant populations for both are
widespread in the US and elsewh@kéful et al. 2018, Nayak et al. 2020)hese two species
represent highly mobile species capable of dispersingtmpbell et al. 2002, Mahroof et al.
2010) as well as two extremes in other life history parameters among stored product insects
(Hagstrum and Subramanyam 20@hyzopertha dominica apestthat feeds and develops on
kernels internally as larvgelagstrum and Subramanyam 2006, Morrison et al. 2028)also a
strong flier(Edde and Phillips 200@nd longdistance disperséMahroof et al. 2010By
contrast,T. castaneuns an important pest of processing faciliti@ghich feeds externally on
damaged or broken grajhlagstrum and Subramanyam 2008)a strong walkefMorrison et al.
2019) but a comparatively weak fli¢hatis largely confined tofood facilities and areas around
where grain i©1iandledDrury et al. 2009, Ridley et al. 201T)hus, our aims in the current study
were to 1) evaluate the efficacy of different controlled release materials (CRMsaltatimative
Als, includingahigh concentration of deltamethrin, indoxacarb, permethrin, or dinotefuran
mimicking that found in commercially available CRismMpared tantreated contraCRMs
using movement dR. dominicaandT. castaneums a surrogate measure of efficacy, and 2)
determingheefficacy of the CRMsagainstphosphinesusceptible and resistasttains ofR.

dominicaandT. castaneum
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Materials and Methods

Experimental insects
Phosphinesusceptible anedresistant strasof T. castaneurandR. dominicavere used in this
study. For both, four to eighteekold adults were used. Cultures of susceptible straiiis of
castaneunandR. dominicehave been maintained in the laboratory since 1958 and 1972
respectivelyat the USDA Center for Grain Animal Health Research in Manhattan, KS. Resistant
strains ofboth species werderived from field populationsollectedin Enid, Garfield County,
Oklahoma, USA in 2009. The resistance ratayR. dominicaandT. castaneurwere1519 and
119 based on Lég(Opit et al. 2012)Tribolium castaneurwas reared on a mixture of 95%
unbl eached, organic f | oRidomigicavhs reaved tnrorgamie r 6 s y e a
whole wheatAll the strainswere maintained at 227.5°C, 65% RH, and 14:10 or 16:8 (L:D) h
photoperiod.
Treatments
Two different controlled release materials (CRMs) were used, including insecticide netting and
insecticideincorporategackaging In total, there were six treatments, includpagkaging
(Vestergaar®A., Lausanne, Switzerland) with either 0.184w Al) indoxacarb, 0.1%
permethrin, or 0.2% dinotefuran, or Ab but identical physical properties, and lelagting
insecticideincorporated polyethylene netting (2 x 2 mm mesh, Vestergaard ausanne,
Switzerland) with 0.4% deltamethrin, or control nettinighaut insecticide but otherwise
identical in physical properties. These were used with the movement assay.

In order to evaluate whether the CRieremore effective at higher concentrations of
eachAl, we used cheesecloth (100 % cotton, Loins Services, Inc. Charlotte, NC) as a common

CRM surrogate material sprayed with technical graldedissolvedwith acetone. Werepared
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solutions (containing 1% of eaéi above) with each technical grade insecticide in acetone
(Table 1) and sprayed 2 ml of eankecticidesolution uniformly on glass pefishes(5 cm
di ameter) containing a 4.8 c¢cm diameter piece
(Badger 100 series, Badger Corporation, Franklin Park, ILWH)h is commonly usedh
stored produdnsect researcte.g.Arthur and Morrison 202Morrison et al. 20211 A 1%
concentration of Al was used to approximate the far higher concentration of Al in commercially
available incorporated loA@sting materials compared to the concentration typically used in
direct spray applications. The insecticineatedcheeseclothvasallowedto dry at room
temperature overnight (~18 h) inside a fume hmoavoid affecting the behavior of insects.
Sublethal movement assay for CRMs
Mixed-sex adult beetles were exposed to the CRMs mentioned above. Coho26 afihlts
wereexposed for 0.5, 2, or &@in interval on CRMs affixed to a 24 x 24 gpetri dish in the
laboratory. After exposureffects of the insecticides @ulults wereassessedither immediately
or afterheld for 24 or 168 h in petri dishes under the same environmental chamber conditions as
the colonies but without supplemental food, and #esayedising the videdracking system
described below. The movement of adults was tracked in six individual petri dishes (100 x 15
mm D:H) with a piece of filter paper 8mm D, Grade 1, GE Healthcare, Buckinghamshire,
United Kingdom) lining the bottom for 1 h using a network camera (GigE, Basler AG,
Ahrenburg, Germany) affixed 80 cm above the dishes. The petri dishes were backlit using a LED
light box (42 x 30 cm WL, LPB, Litup, Shenzhen, China) to increase contrast and affixed in
place with white foam board.

Video was streamed to a computer and processed in Ethovision (v.14.0, Noldus Inc.,

Leesburg, VA). The program automatically calculated the total distance moved (cm) and the
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meaninstantaneouselocity (cm/s) over the-h period for each adult. An input filter was created
that specific distance was only accumulated if it was less than the length of two beetles (~8 mm)
per 0.03 s to avoid cursor bounce. Each adult was considered a replicatesaraler used

more than once. Only adults classified as alive or affected (as definaarison et al. 2018)

were used in the assay. Briefly, alive adults were defined as moving with normal speed and
activity and able to right themselves if flipped, while affected adults exhibited sluggish or
drunken movements, could not right themselves if flipped, and soaikabitheir limbs

exhibited twitchingDead adults were completely immobile.total, 15 replicates were

performed per treatment combination, translating to 97,200 min of video for a total of 1,620

adultstestedfor each species.

Time to Lethal Exposure Assaywith Higher Concentrations onCheesecloth

Cohors of 20 mixedsex (~1:1 M: F sex ratio) adult beetles were exposed continuously up to 96

h or 1weekin the laboratory on cheesecloth (e.g., as an absorptive CRM surrogate material) at
constant conditions (27.5° + 0.1 C, 65% RH, 14:10 L:D) in an environmental chamber. Exposure
times were added iteratively at the same 1% concentration to yield a suffierebér of points

to calculatemedian lethal timel(Tso) up to 1 week. At each time point, the condition of insects

was checked, and rated as alive, affected, or @eadrding tadhe definitions in Morrison et al.
(2018)for each of the different treatments. Dead insects were completely immobile, even after
prodding, and were removed from the tested arenas, but retained in analyses. There were 4
replicate cohorts for each treatment combination of insecticide, exposusphpie®

susceptibility, and species.
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Statistical analysis

First, he total distance moved, and instantaneous velocity were analyzeplaaateéesponse
variables with a overalllinear mixed model, using run date as a random variable. Exposure time
(30 s, 2, or 60 min), controlled release materials (nettingokaging, Als (control netting,

0.4% deltamethrin nettingontrolpackaging, 0.1% indoxacapackaging0.1% permethrin
packaging, or 0.2% dinotefuran packaging), phosphine susceptibility of insects (susceptible or
resistant), angostexposureholding duration Q, 24, or 168 h) were fixed explanatory variables.
Separate models were run for each spe&iash model had the same form as above.
Assumptions of normality and homogeneity in variances were checked using residuals and
histograms, and to correct issues - ltvgnsformation was usedultiple comparisons were not
performed with the overall models, because the goal of the overall model was to determine
where significant interactions may be occurring and to parse appropridteigment analyses

were run using R softwar@® CoreTeam 2020pnd tests were considered

Based on significant interactions with exposure time in the overall models for distance
moved and instantaneous velocity by each strain and species, we separately ran simplified
models for each exposure tif80 s, 2, or 60 min)Each model used Algontrol netting, 0.4%
deltamethrin nettingzontrol packaging, 0.1% indoxacapackaging0.1% permethrin
packaging, or 0.2% dinotefuran packaging), phosphine susceptibility of insects (susceptible or
resistant), angostexposureholding duration@, 24, or 168 has fixed, explanatory variables.

As a result, Tables with these summaries of these model results lack entries for any terms with
exposure time (e.g., Tables 2, 4, 6,Asumptions of normality and hoswedastivariances

were checked using residuals and histograms, andriogsformation wreusedto correct issues
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where appropriatélukey HSD test was used for multiple comparisopsn a significant result
from the model through thdSD.tesfunction in theagricolaepackage (de Mendiburu and

Yaseen 2020)

Based on the initial results of the overall model with all the CRMs showing the greatest
effect with the deltamethrihLIN, a follow-up analysis was performed that focused solely on
this CRM and its interaction with phosphisesceptible ofresistant stins of each species.
Again, he total distance moved, and instantaneous velocity were analyzepagiateesponse
variables witin a linear mixed moddtamework using run date as a random variablee
following were included as fixed, explanatory iadtes: eposure time (30 s, 2, or 60 mjn)
treatmen{control netting,or 0.4% deltamethrin netting), apdstexposurenolding duration @,

24, or 168 h)Separate models were run for eatfain (e.g., phosphirgusceptible ofresistant)
andspeciesAssumptions of normality and homogeneity in variances were checked using
residuals and histogramand were corrected with leggansformation where deviations were
detected in assumptioridpon a significant result from the model, Tukey HSD test was used fo
multiple comparisonand was implemented with the functiBi$D.tesfrom theagricolae

package (de Mendiburu and Yaseen 2020)

To determine the L, thetotal insects, and the number of dead inseet® broken
down for each strain, species, and Al, thealyzed by probit analysis using the procedure

PROC PROBIT from SAS softwa(8AS Institute Inc2018yi t h U = 0. 05.
Results
Movement assayR. dominica

Overall DistanceM oved M odel
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Overall, neithethe phosphinsusceptibility nor th€ RMsssignificantly affected the distance
moved byR. dominicgTable2.2, Figure2.1). Further, exposure time also did not significantly
affect the distance moved by adults. Howepestexposureéholding duration significantly
affected the distance moved By dominicawith adults moving only 30 and 5% of the distance
after 24 and 168,hrespectivelycompared tahe adults moving immediately after exposure (0
h). None of the tweway interactions betvanthe susceptibility and the other factors were
significant (Table2.2). However, the interaction between treatment@wstexposureholding
duration significantly affected the distance mav&dults exposed to deltamethrin LLIN moved
36, 6, and 7% of the distance moved by those exposed to other CRMmgtiexposure

holding durations of O h, 24 h, and 168 h, respecti&ilyilarly, exposure time bgost
exposureholding duration also significantly affected the distance moved.lmominicaThe 3
way interaction among susceptibility, treatment, and exposure time as well as among
susceptibility, exposure time, apdstexposuréholding duration were not significant. By
contrast, the 3vay interactions among susceptibility, treatment, pagtexposuréholding
duration as well as treatment, exposure time,pstiexposurenolding duration significantly
affected distance moved R/ dominicaFinally, the 4way interaction between all the factors
also significantly affected the distance movedylominicaTable2.2).

LLIN -Specific Distance Moved Model

As the deltamethriincorporated insecticide netting was more effectivanother CRMs, we
focused our results more on this particular CRM. Overall, neither treatmembst@xposure
holding duration and exposure time significantly affected the distance moweddayninica
(Table2.3; Figure2.2). However, thgghosphinesusceptibility did significantly affect the

distance moved bR. dominicabut in most pairwise comparisons of resistant to susceptible
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strain, there was no significant difference in distance moved by adults (Figuréte twoeway
interaction betweethe susceptibility and treatment was not significant. Similarly, the interaction
between treatment and exposure time was also not significant. However, all the othvarytwo
interactions betweepostexposurenolding duration and the other factors significantly affected
the distance moved . dominica Similarly, the interaction betweéhe susceptibility and
exposure time was significadmportantly, the 3vay interactions between all factors and the 4
way interaction between all the factors significantly affected the distance mowedibyninica
(Table2.3; Figure2.2). These were mostly quantitative interactions. For example, the distance
moved byR. dominicammediately after exposure wak53fold less than compared to adults
exposed to control netting, but this was t® A®fold less 24 h after exposure but equilibrated to
no effect by 168 h later because of the general lack of mawemeen in the controls (Figure

2.2). AdultR. dominicaexposed for 30 s movedf6ld less compared to control netting exposed
individuals, while those exposed for 2 min and 60 min movexhd 35fold less, respectively.
Overall Velocity Model

The velocityof R. dominicanovemenivas neither affected ke susceptibility nor th€€RMs
(Table2 .4, Figure2.3). Additionally, the exposure time also did not significantly affect the
velocity by adults. Howevepostexposureholding duration significantly affected the velocity

of R. dominicanovementwith adults moving only 31 and 5% the distance after 24 and 168 h
compared withadults moving immediately after exposure. The-tway interaction betweethe
susceptibility and the other factors were not significant. However, the interaction béteeen
treatment angostexposuréholding duration significantly affdéed the velocity. Adults exposed
to deltamethrin LLIN moved with velocities that were only 36, 6, and 7% of the velocity moved

by the adults exposed to other CRM$,a24, and 168 Jrespectively. Similarly, exposure time
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by postexposurenolding duration also significantly affected the velo@fyR. dominica
movementThe 3way interaction amonthe susceptibility, treatment, and the exposure time was
not significant. However, the-®ay interactions amontie susceptibility, exposure time, and
postexposureholding duration and susceptibility, treatment, aodtexposurenolding duration
as well as treatment, exposure time, pagtexposurenolding duration significantly affected
velocity of R. dominicamovementLastly,the 4way interaction between all the factors also
significantly affected the velocityf R. dominicanovemen{Table2.4).

LLIN -Specific Velocity Model

The velocityof R. dominicamovement wa neither affected byostexposurenolding duration

nor exposure time (Tab&5, Figure2.2). Further, the treatment also did not affect the velocity.
However, the susceptibility did significantly affect the velocityrRofdominica The tweway
interaction betweethe susceptibility and treatment dine velocity of adults was not significant
nor was the interaction betwetretreatment and exposure time. However, all the othentayp
interactions betweepostexposurenolding duration and the other factors significantly affected
the velocity ofR. dominicaLikewise, the interaction betwedme susceptibility and exposure
time was significant. Importantly, all thev@ay interactions and theway interactios between

all the factors significantly affected the velocityRfdominicaTable2.5, Figure2.2). In
particular,LLIN -exposed adultsmoved3i 5-fold to 143 177-fold slower tharthe control
nettingexposed individuals immediately aftarZ3 h, but there was no effect by 168 h later
because movement was almost nonexistent (F@dje ExposingR. dominicao LLIN for 30 s

to 2 min resultedh adults moving 26-fold slowerthanthe control netting exposed individuals,

while those exposed for 60 min movedfSW less.
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Movement assay:T. castaneum

Overall Distance Moved Model

The distance moved bly. castaneunwas neither affected e phosphinsusceptibility nor by
theexposure time (Tabl2.6, Figure2.4). Howeverpostexposuréholding duration significantly
affected the distance moveg theadults with themmoving 94% of the distance after 24 h
compared to the distance adults moved initially and 12% farther after 168 h compared to
initially. Similarly, the CRMs also significantly affected the distance moved. lmastaneum
Adults exposed to deltameth#r.IN moved 2.8, 2.7-, and 2.8fold less than the adults
exposed tpackaying materials thawereincorporated with dinotefuran, indoxacarb, and
permethrin respectively. None of the tm@y interactions between susceptibility and the other
factors were significant. Further, exposure timebgtexposureholding duration also did not
significantly affect the distance moved DycastaneumHowever thetreatment angost
exposuréholding duration significantly affected the distance moved. Adults exposed to
deltamethrin LLIN moved 32, 25, and 49% of the distance moved by the adults exposed to other
Als at0, 24, and 168 h, respectively. Similarllge treatment and exposure time did significantly
affect the distance moved. Adults exposed to deltamethrin LLIN moved 63, 47, and 2% of the
distance moved by adults exposed to ofkisrat 0.5, 2, and 60 im, respectively (Figur@.4).

The 3way interactios amongthe susceptibility, treement, and exposure time as well as among
the susceptibility, exposure time, apdstexposurenolding duration were not significant, nor
was the 3way interactios amongthetreatmentpostexposuréholding, and exposure time. By
contrast, the interactigbetween susceptibility, treatment, ggastexposureholding duration

significantly affected the distance movedhycastaneunFinally, the 4way interactios
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between all the factors did not significantly affect the distance movéd ¢tastaneun(iTable
25).

LLIN -Specific Distance Moved Model

Similar tothe results foR. dominicathe deltamethrin incorporated insecticide netting was also
more effective in reducing. castaneurmovement compared to other CRMs. Neittier
susceptibility nothe exposure time significantly affected the distance moved. lmastaneum
(Table2.7, Figure2.5). However, the treatment affected the distance moved byTadult
castaneumLLIN-exposedr. castaneurmoved 35% of the distanogoved by the adults
exposed to the control netting. Further, pestexposureholding duration also significantly
affected the distance moved bycastaneumAt 24 h, adults exposed to deltamethrin LLIN
moved 75% of the distance moved by the adults exposed at day of treatment and@tsk68 h
exposureholding duration moved 69% farther. The tway interactions betwedhe
susceptibility and the other factors were not significant. Further, the intesslotibmeerthe
exposure time bpostexposuréholding duration also did not significantly affect the distance
moved byT. castaneunrHowever, the interactiambetweenhetreatment angpostexposure
holding duration as well as the interactdmetweernthetreatment and exposure time did
significantly affect the distance moved BycastaneumAll the threeway interaction@mong
thesusceptibility and all the other factors did not significantly affect the distance moved by
castaneumBYy contrast, the interactistvetween the treatment, exposure time, post
exposuréholding duration significantly affected the distance moved bgastaneumFinally,

the 4way interactios amongall the factors did not significantly affect the distance moved.by
castareum

Overall Velocity Model
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Overall, the main effects diie phosphinsusceptibility postexposureéholding duration, and
exposure time did not significantly affetievelocity of T. castaneurmovemen{Table2.8,
Figure2.6). However, the type of CRM significantly affected the velocity moved. Adults
exposed to deltamethrin LLIN, for example, moved with velocity that was2.8, and 2.8

fold less than the adults exposeg#xkaying materials that incorporated dinotefuran,
indoxacarb, and permethrin, respectively. None ofulteway interactions betweehe
susceptibility and the other factors were significant. Furtheexposure time bpostexposure
holding duration also did not significantly affebevelocity of T. castaneurmovement Adults
exposed to deltamethrin LLIN moved with a velocity 32, 25, and 50% of the velocity moved by
the adults exposed to other CREtImmediately after exposyrg4, and 168 frespectively.
Similarly, thetreatment and exposure time significantly affected the velocity moved. Adults
exposd to deltamethrin LLIN moved with a velocity of 63, 47, and 2% of the velocity moved by
adults exposed to other treatments at 0.5, 2, andidespectively (Figur@.6). The only
significant 3way interactios wereamongthe susceptibility, treatment, amubstexposure

holding duration, which significantly affectéide velocity of T. castaneurmovementFinally,

the 4way interactios between all the factors did not significantly affect the distance moved by
T. castaneuniTable2.8).

LLIN -Specific Velocity Model

Overall, neithethe susceptibility nothe exposure time significantly affectéiae velocity of T.
castaneunmovemen{Table2.9), but the treatment did. Adults exposed to deltamethiiN
moved 35% slower than the adults exposed to the control netting. Fpdkezxposuréholding
duration significantly affeetdthe velocityof T. castaneurmovementAt 24 h, adults exposed

to deltamethrin LLIN moved 75% of the distance moved by the adults exposed at day of
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treatment and at 168gostexposurenolding duration moved 69% farther. The tway
interactions betweethe susceptibility and the other factors were not significant. Further, the
two-way interactios betweerthe exposure time bpostexposureholding duration anthe
interactiors betweerthe exposure time anthetreatment did not significantly affettie velocity
of T. castaneurmovementHowever, the interactiambetweerthetreatment anthe post
exposureholding duration significantly affected theloeity of T. castaneurmovementNone

of the threeway interactions betwedhe susceptibility andhe other factors significantly
affected the velocitpf T. castaneurmovement By contrast, the interactistetween the
treatment, exposure time, apdstexposurenholding duration significantly affected the velocity
of T. castaneurmovementFinally, the 4way interactios between all the factors significantly
affected the velocitpf T. castaneurmovement

Lethality Assay on CheeseclothR. dominica

The results of L3p analysis indicated that the deltamethrin killed both phospsuiseeptible and
resistanR. dominicarelatively quickly and equally (Tabl@.10, Figure2.7). The fastest acting
Al was deltamethrin with an lsgvalue that was 9i87.2fold less thanhat ofdinotefuran. In
each case, the Isgvalue was separated by a negligible amount for the phospusteptible
and-resistant stramof R. dominicaBased on th&Tso values of the four Als againBt
dominica deltamethrirshowed the ighest efficacy followed bpermethrinindoxacarhand
dinotefuran. The control mortality was 7.5 % at 96 h for blo#tphosphinesusceptible and
resistanstrains ofR.dominica(Figure2.7).

Lethality Assay on CheeseclothT. castaneum

Similar tothe results foR. dominicaLTso analysis indicated that the deltamethrin killed both

the phosphinesusceptible and resistaht castaneumelatively quickly and equally (Tab211,
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Figure2.8). The fastest acting Al was deltamethrin with agdtiiat was 16.023.3fold less

than dinotefuranBased on th&Tsp values of the four Als again$t castaneurrdeltamethrin

showed the highest efficacy followed pgrmethrindinotefuran andindoxacarbT. castaneum

was not susceptible to indoxacarb, because the mortality caused by the indoxacarb at 168 h for

both phosphinesusceptible and resistasttains ofT. castaneunwa s only 7. 5%. Thus
calculate an Ldo for indoxacarb. Theantrol mortality was 1.25% for phosphiseasceptible and

0% for resistanstrain of T. castaneumat 168 h (Figure.8).

Discussion

This is the first study to assess the mobility of phosphiuseeptible aneresistanstrains ofR.
dominicaandT. castaneunand after exposure to LLIN and ott@RMswith differentAls.

Overall, wedemonstrated thateltamethrin LLIN is the most effective CRM among those tested
in this study at reducing the movemenRofdominicaandT. castaneurbut other CRMs were

also effective at inducing mortality at higher concentrati&urther, we found deltamethrin and
other CRMsat higher concentratigsuccessfully and equally affected phospksnsceptible

and resistant strains for both species. Additionally, we found that deltamethrin caused mortality
fasterthanpermethrin, dinotefuran, and indoxacarb regardless of phosphine susceptibility.

We found that the distance moved and velocity was reduced for both phesphine
susceptible and resistaRt dominicaandT. castaneunafter exposure to the Als tested in the
study.These are the crucial movement varialaledthey mediatemmigration into food
facilities, foraging, mating, eglaying and dispersdlian 2019)Indirect toxicity was observed
through reduced movement, especially when exposed to deltamethrin LLIN. Further, the
sublethal effects from LLIN exposure for both species were present immediately after exposure

and lasted up to 168 h. This indicates thqtosure to deltamethrin LLIN has both immediate
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and lasting effects on the movement of both species regardless of their susceptibility to
phosphine. Previous work has reported that deltameithcorporated LLIN was successful at
reducing the movement &. dominicaandT. castaneunfMorrison et al. 2018and other life
stages in the laboratory and fig\ilkins et al. 2020, 2021 put had not determined how it may
change with phosphine susceptibility. We found that deltamethrin LLIN was effective at
reducing movement ihighly phosphineresistant strains d®. dominicaandT. castaneunfrom
Enid, OklahomdOpit et al. 2012)Thus, along with other work demonstrating the utility of
pyrethroidincorporated netting to manage stored product ingbtdsrison et al. 2018, Rumbos
et al. 2018, Paloukas et al. 2020)r data suggests LLIN is a valuable additional toohémage
phosphineresistant populations of stored product insects.

At low concentrations (e.g., 0.Q.2%), the alternative CRMs did not significantly affect
the movement or mortality of eithB. dominiceor T. castaneurbut the movement and
mortality of both species were dramatically affected at higher concentrations (&.4%Y.4
when tested on a surrogate CRM. In this study, two different types of CRMs were used: netting
andpackagingmaterials Als included deltamethrin, permethrin, indoxacarb, and dinotefuran.
We observed that deltamethiiimcorporated LLIN was thenost effective, followed by
permethrin for both species and they were equally effective for both phospisiceptible and
resistant strains. While this was followed in order by indoxacarb and dinotefuran in effectiveness
for R. dominicathe order was reversed fbr castaneuminsecticide efficacies may depend on
various factors like environmental, biological, and physical factors including specific insecticide
and formulationmodes of actioractual application rat@rthur et al. 202Q)the timeinterval
insects are exposed to the pesti¢iderrison et al. 2021 target insect speci€arthur and

Morrison 2020)and surface substrafettler and Arthur 2000Deltamethririncorporated
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LLIN, the most effective CRM, used a label rate of 0.4%, which was twice as high as the other
CRMs with othefAls. In order to produce a fair comparison and assess a higher concentration,
the same surrogate substrate (cheesecloth) and the same concentration (1%) was used. When this
was performed, we found that continuous exposure to many of the altelativere suitable
alternatives to deltamethrin at inducing mortalityRindominicaandT. castaneunresulting in
equally low LTs0in both phosphinsuseptible and resistant insedisis interesting to note that
in commercially labeled LLIN, the deltamethrin concentration is 4000 ppm, which is a far higher
rate than what would typically be used in a residual or grain protectant spray with the same
compound (Arthur and Morrison et 2020); this was the partial justification for using a higher
rate of Als in this studyWe found thafl. castaneurnwas not susceptible to indoxacarb, causing
only 7.5% mortality by 168 h. Our results were similar to Daglisth Nayak (2011), which
showed indoxacarb was effective as a residual treatment aBaithsininicabut not against.
castaneuneven at a high dose. Overall, permethrin, dinotefuran, and to a lesser extent,
indoxacarb, appear suitable for inclusion in CRMs targeting stored product insects.

Rotation of insecticide mode of action is required for the successful stewardship of
insecticidal productsand thisis requiredo limit the development ahsecticideresistage at
food facilities Relying on a single active ingrediesitmode of action will increagbe
probability of developing resistant populations over time. In this study, deltamethrin and
permethrin are pyrethroidsh at act on the insectds central
kinetics of voltagegated sodium channglSoderlund 2010When insects are exposed to these
two compounds, it typically causes tremors, involuntary extremity movements, and reduced
coordination, which results insectmortality (Narahashi 1971 Dinotefuran is a neonicotinoid

that acts agonistically on the nicotinic acetylcholine receptor, disrupting synapses in the central
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nervous system (Tomizawa and Yamamoto, 1993), while indoxacarb is an oxadiazine that blocks
neuronal sodium channels in insefdtapied et al. 2001)All the compounds tested in this study
resulted in significant numbers of affected and dead insects, except for indoxacarb in the case of
T. castaneumlt has been reported that indoxacarb bioactivates very slowly for some insects,
which may cause the slow onset of sympt@Wisg et al. 200Q)making it less useful for
inclusion in CRMs.

The present study has provided information about important alternative compounds with
a different mode of action for potential inclusion in CRMs to manage stored product insects. The
inclusion of newAls in CRMs will support appropriate resistance management programs at food
facilities and their inclusion in comprehensive IPM program to prevent future resistance issues.
With increasing phosphine resistance among stored product insects around tHZettheldet
al. 1989, Pimentel et al. 2009, Opit et al. 2012, Nguyen et al. 2016, Cato et a).t@0lkAhat
are effective against both phosphswgsceptible aneresistant populations are necessary. Our
study demonstrated that the use of deltameihdarporated netting reduces the mobility of both
R. dominicaandT. castaneuradultsregardless of their phosphine susceptibility, while
deltamethrin and othekls are effective against phosphisasceptible and resistant populations
of both species. A future active ingredient worth testing extensively is-ayeamethrin
against a variety of storedqaluct insects, as it has demonstrated promise in prior (Rankbos
et al. 2018, Athanassiou et al. 2019, Paloukas et al. 2020, Agrafioti et al. @0&d3ll, our
study suggests a variety of néis are effective against phosphinesistant populations of key
stored product insects, ahtlIN may be used as an additional tool to combat phosphine

resistance.
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Figure 2.1 Distance moved (x SE) by susceptible and resistaRt dominicaafter varying
exposuretime to different controlled release materials

Distance moved (£ SE, cm) by susceptible (light blue) and resistant (dark bluB bados)inica
(LGB) after varying exposure for 30 s (top panel), 2 min (middle panel), or 60 min (bottom
panel) to different controlled release materials in the sublethal movement assay during tracking
with a video camera coupled with Ethovision forr@th periods in the labratory. Bars with
shared |l etters
illustrate multiple comparisons for the interaction among exposure time, susceptibility, and
controlled release materials. Abbreviations: Cttbntrol (no insecticide), and LLIN long-

lasting insecticidenetting.
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Figure 2.2 Distance moved (x SE) or velocity (+ SE) by susceptible and resistat
dominicaafter exposure to LLIN or control netting after various exposure times and
varying post-exposure holding duratiors

Distance moved (= SE) (top panels) or velocity (+ SE) (bottom panels) by susceptible (light

blue) and resistant (dark blue bars)dominicaLGB) after exposure to lonkasting 0.4%

deltamethririncorporated netting (LLIN) or control netting (Ctrl) in the sublethal movement
assay during tracking for @din periods on Ethovision after various exposure times (left) and
varying postexposure holding dations (right). Bars with shared letters are not significantly
e a ¢ hb5).dettérerepregeit mdtiply comparidons U
between the interaction among exposure time, susceptibility, and LLIN (left column) or among

di fferent

from

postexposure holding duration, susceptibility, and LLIN (right column).

88

0.

0



Il Resistant LGB
Susceptible LGB

30 s Exposure

abgp
I

ab ab
abc T abcT abcabc

\\Q”b% \\>>$ \\’§\ o’b% 0@‘5 -(‘Q;b
¢ o \‘S‘&\ ‘@@ 'a(-’q;\ s
& <2 g* 6@
& A (\é &
& & ¥ e
—
%)
~
g 2 min Exposure
w a
&5 0.12 a a
g 0.08 ab [ a?
> \ ab ab ab ab
& ab
o
] 0.04 b
Q
>
c
©
s

Active Ingredients

Figure 2.3 Velocity (+ SE) by susceptil@ and resistantR. dominicaafter varying exposure

timesto different controlled release materials

Velocity (x SE, cm/s) by susceptible (light blue) and resistant (dark blueR.adsminica

(LGB) after varying exposure for 30 s (top panel), 2 min (middle panel), or 60 min (bottom

panel) to different controlled release materials in the sublethal movement assay during tracking

with a video camera coupled with Ethovision forr@th periods in the latratory. Bars with

shared | etters are not significantly differen
illustrate multiple comparisons for the irdetion among exposure time, susceptibility, and

controlled release materials. Abbreviations: Citbntrol (no insecticide), and LLIN long-

lasting insecticidenetting.
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Figure 2.4 Distance moved (x SE) by susceptible and resistant castaneunafter varying
exposure times to different controlled release materials
Distance moved (£ SE, cm) by susceptible (light brown) and resistant (dark browili.bars)

castaneunfRFB) after varying exposure for 30 s (top panel), 2 min (middle panel), or 60 min

(bottom panel) to different controlled release materials in the sublethal movement assay during

tracking with a video camera coupled with Ethovision fon@@ periods in the ladratory. Bars

with shared

etters ar e not

significantly

illustrate multiple comparisons for the interaction among exposure time, susceptibility, and
controlled release materials. Abbreviations: Titbntrol (no insecticide), and LLIN long-

lasting insecticidenetting.
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Figure 2.5 Distance moved (x SE) or velocity (+ SE) by susceptible and resistant
castaneumafter exposure to LLIN or control netting various exposure times and varying
post-exposure holding durations

Distance moved (= SE) (top panels) or velocity (+ SE) (bottom panels) by susceptible (light
brown) and resistant (dark brown bafs)astaneuniRFB) after exposure to lontasting 0.4%
deltamethririncorporated netting (LLIN) or control netting (Ctrl) in the sublethal movement
assay during tracking for @din periods on Ethovision after various exposure times (left) and
varying postexposure holdingutations (right). Bars with shared letters are not significantly
di fferent from e a cOD5).detthrerepreseftumklteole com@isons U =
between the interaction among exposure time, susceptibility, and LLIN (left column) or among
postexposure holding duration, susceptibility, and LLIN (right column).
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Figure 2.6 Velocity (= SE) by susceptible and resistank. castaneunafter varying exposure

timesto different controlled release materials

Velocity (= SE, cm/s) by susceptible (light brown) and resistant (dark brownTbara¥taneum

(RFB) after varying exposure for 30 s (top panel), 2 min (middle panel), or 60 min (bottom

panel) to different controlled release materials in the sublethal movement assay during tracking

with a video camera coupled with Ethovision forr@th periods in the latratory. Bars with

shared | etters are not significantly differen
illustrate multiple comparisons for thet@naction among exposure time, susceptibility, and

controlled release materials. Abbreviations: Citbntrol (no insecticide), and LLIN long-

lasting insecticidenetting.
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Figure 2.7 Percentagemortality of susceptible and resistanR. dominicaafter exposure to
treated cheesecloths with 1% concentration of A
The percentage of susceptible (left) and resistant (figyrdpminicaadults that were alive
(turquoise), affected (yellow), or dead (red) after exposure to treated cheesecloths with 1%
concentration of Al for deltamethrin, permethrin, dinotefuran, indoxacarb, or solvent only
control (e.g., acetone) after various exposimes.
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Figure 2.8 Percentage of susceptible and resistafit castaneunafter exposure to treated

cheesecloth with various 1% concentration of Ad

The percentage of susceptible (left) and resistant (fightastaneunadults that were alive
(turquoise), affected (yellow), or dead (red) after exposure to treated cheesecloth with various
1% concentration of Al for deltamethrin, permethrin, dinotefuran, indoxacarb, or solvent only
control (e.g., acetone) after various egpre times.
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Tables:

Table 2.1 Summary of Als used in thetime to lethal exposure assay to higher
concentrations on cheesecloth.

Purity Concentration Manufacturer
(%) (mg/ml)

Deltamethrin 98.9 0.64 Chem Service Inc, West Chester, PA, USA
Indoxacarb 99.5 0.63 Chem Service Inc, West Chester, PA, USA
Permethrin 91.8 0.69 MilliporeSigma Supelco, Milwaukee, WI, US/
Dinotefuran 98 0.65 TCIl America, Portland, OR, USA
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Table 2.2 Summary of statistical model results for the log of the distance moved . dominicaafter exposure to
controlled release materials in the sublethal movement assayer a 6G-min period.

Exposure Timépecific Modefs

Variable Overall . .
model 60 mir? 2 mir? 30¢
Df F P F P F P F P
susceptibility 1 0.71 0.40 7.05 0.01 0.85 0.36 0.13 0.71
treatment 5 0.61 0.69 154 0.18 119 0.31 1.69 0.14
postexposure 2 479 0.01 7.07 0.00 16.54 0.00 1.75 0.18
exposuretime 2 0.14 0.87 - - - - - -
susceptibility:treatment 5 1.17 0.32 2.14 0.06 0.78 0.56 0.56 0.73
susceptibilitypostexposure 2 1.44 0.24 0.95 0.39 5.42 0.00 0.66 0.52
treatmenfostexposure 10 9.84 0.00 20.66 0.00 12.58 0.00 20.15 0.00
exposuretimgiostexposure 4 3.69 0.01 - - - - - -
susceptibility:exposuretime 2 0.51 0.60 - - - - - -
treatment:exposuretime 10 0.64 0.78 - - - - - -
susceptibility:treatmentpstexposure 10 3.54 0.00 1.89 0.04 8.62 0.00 6.18 0.00
susceptibility:treatment:exposuretime 10 0.97 047 - - - - -
susceptibility:exposuretimgostexposure 4 0.26 0.91 - - - - -
treatment:exposuretimgstexposure 20 5.40 0.00 - - - - -
susceptibility:treatment:exposuretimestexposure 20 4.65 0.00 - - - - -
Residuals 1523

Models specific to each exposure time do not include exposure time as a fixed, explanatory variable in the model sttubtigentries

containing exposure time have been left blank.

2 Residual df is 518
3 Residual df is 498
4 Residual df is 507
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Table 2.3 Summary of the specific statistical model results for
the log distance moved byR. dominicaafter exposure to 0.4%
long-lasting deltamethrin-incorporated netting in the sublethal

movement assay over a 6fin period.

Overall model

Variable Df F P
susceptibility 1 551 0.02
treatment 1 0.59 0.44
postexposure 2 0.80 0.45
exposuretime 2 1.82 0.16
susceptibility:treatment 1 1.36 0.24
susceptibilitypostexposure 2 7.22 0.00
treatmenipostexposure 2 29.70 0.00
exposuretimgiostexposure 4 9.82 0.00
susceptibility:exposuretime 2 475 0.01
treatment:.exposuretime 2 0.22 0.81
susceptibility:treatmeniostexposure 2 18.85 0.00
susceptibility:treatment:exposuretime 2 3.76 0.02
susceptibility:exposuretimgostexposure 4 7.10 0.00
treatment:exposuretimgstexposure 4 1477 0.00
susceptibility:treatment:exposuretirpestexposure 4 11.40 0.00
Residuals 506
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Table 2.4 Summary of statistical model results for the log of the velocity moved by. dominicaafter exposure to controlled

release materials in the sublethal movement assay over aBln period.

ExposureTime Specific Modefs

i Overall

Variable model 60 mir? 2 mir? 30¢

Df F P F P F P F P
susceptibility 1 1.06 0.30 6.78 0.01 0.98 0.32 0.07 0.79
treatment 5 1.73 0.12 2.38 0.04 1.10 0.36 6.71 0.00
postexposure 2 13.75 0.00 12.28 0.00 11.35 0.00 1.49 0.19
exposuretime 2 0.58 0.56 - - - - - -
susceptibility:treatment 5 112 0.35 1.15 0.33 1.80 0.11 0.42 0.83
susceptibilitypostexposure 2 0.60 0.55 0.82 0.44 292 0.06 1.28 0.28
treatmenfpostexposure 10 9.13 0.00 4.23 0.00 3.28 0.00 27.29 0.00
exposuretimgiostexposure 4 3.01 0.02 - - - - - -
susceptibility:exposuretime 2 1.85 0.16 - - - - - -
treatment:exposuretime 10 0.52 0.87 - - - - - -
susceptibility:treatmentpstexposure 10 5.42 0.00 1.80 0.06 9.91 0.00 12.50 0.00
susceptibility:treatment:exposuretime 10 147 0.14 - - - - - -
susceptibility:exposuretimgostexposure 4 251 0.04 - - - - - -
treatment:exposuretimgstexposure 20 6.85 0.00 - - - - - -
susceptibility:treatment:exposuretimestexposure 20 6.25 0.00 - - - - - -
Residuals 1523

Models specific to each exposure time do not include exposure time as a fixed, explanatory variable in the model sttubtig@ndries containing
exposure time have been left blank.

2 Residual df is 518
8 Residual df is 498
4 Residual df is 507
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Table 2.5 Summary of the specific statistical model results for the
log velocity moved byR. dominicaafter exposure to 0.4% long
lasting deltamethrin-incorporated netting in the sublethal
movement assay over a 6fhin period.

Overall model

Variable Df F P
susceptibility 1 551 0.02
treatment 1 0.00 0.96
postexposure 2 205 0.13
exposuretime 2 1.07 034
susceptibility:treatment 1 335 0.07
susceptibility:posexposure 2 414 0.02
treatment:posexposure 2 6.25 0.00
exposuretime:postxposure 4 19.04 0.00
susceptibility:exposuretime 2 353 0.03
treatment:exposuretime 2 108 034
susceptibility:treatment:posixposure 2 14.87 0.00
susceptibility:treatment:exposuretime 2 322 0.04
susceptibility:exposuretime:peskposure 4 10.08 0.00
treatment:exposuretime:peskposure 4 11.98 0.00
susceptibility:treatment:exposuretime:pegposure 4 9.48 0.00

Residuals 506
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Table 2.6 Summary of statistical model results for the log of the distance moved By castaneunafter exposure to

controlled release materials in the sublethal movement assay over a®in period.

ExposureTime Specific Modefs

Variable Overall
model 60 mir? 2 min? 30¢

Df F P F P F P F P
susceptibility 1 3.50 0.06 0.37 0.54 1.43 0.23 2.24 0.13
treatment 5 4.71 0.00 6.72 0.00 1.54 0.18 2.19 0.05
postexposure 2 447 0.01 0.67 0.51 2.83 0.06 1.32 0.27
exposuretime 2 221 0.11 - - - - - -
susceptibility:treatment 5 1.82 0.11 2.52 0.03 0.15 0.98 0.88 0.49
susceptibilitypostexposure 2 2.27 0.10 0.10 0.91 1.50 0.22 0.80 0.45
treatmenipostexposure 10 2.58 0.00 1.09 0.36 1.42 0.17 1.26 0.25
exposuretimgiostexposure 4 1.21 0.31 - - - - - -
susceptibility:exposuretime 0.24 0.78 - - - - - -
treatment:exposuretime 10 2.90 0.00 - - - - - -
susceptibility:treatmerppstexposure 10 2.64 0.00 4.24 0.00 1.35 0.20 1.70 0.08
susceptibility:treatment:exposuretime 10 0.94 0.49 - - - - - -
susceptibility:exposuretimpostexposure 4 0.81 0.52 - - - - - -
treatment:exposuretin@ostexposure 20 1.09 0.35 - - - - - -
susceptibility:treatment:exposuretirpestexposure 20 0.90 0.58 - - - - - -
Residuals 1454

Models specific to each exposure time do not include exposure time as a fixed, explanatory variable in the model sttubtigendries containing

exposure time have been left blank.

2 Residual df is 491
3 Residual df is 492
4 Residual df is 471



Table 2.7 Summary of the specific statistical model results for
the log distance moved byl'. castaneumnafter exposure to

0.4% long lasting deltamethrin-incorporated netting in the

sublethal movement assay over a 6@in period.

Overall model

Variable Df F P
susceptibility 1 0.17 0.68
treatment 1 10.13 0.00
postexposure 2 5.43 0.00
exposuretime 2 2.70 0.07
susceptibility:treatment 1 037 055
susceptibilitypostexposure 2 1.01 0.36
treatmenfostexposure 2 8.35 0.00
exposuretimgiostexposure 4 1.26 0.28
susceptibility:exposuretime 2 0.42 0.65
treatment:exposuretime 2 3.22 0.04
susceptibility:treatmentostexposure 2 085 0.43
susceptibility:treatment:exposuretime 2 1.13 0.32
susceptibility:exposuretimpostexposure 4 012 0.97
treatment:exposuretin@ostexposure 4 3.67 0.01
susceptibility:treatment:exposuretimestexposure 4 0.49 0.74
Residuals 750
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Table 2.8 Summary of overall statistical model results for the log of the velocity moved bl. castaneumnafter exposure to
various controlled release materials with Al concentrations 0110.4% in the sublethal movement assay over a 6€in

period.
Exposure Timepecific Models
: Overall

Variable model 60 mir? 2 mir? 30¢

Df F P F P F P F P
susceptibility 1 1.63 0.20 0.99 0.32 0.83 0.36 3.77 0.05
treatment 5 541 0.00 5.89 0.00 2.62 0.02 2.42 0.03
postexposure 2 2.69 0.07 0.50 0.61 1.59 0.20 2.30 0.10
exposuretime 2 271 0.07 - - - - - -
susceptibility:treatment 5 0.82 054 3.96 0.00 0.22 0.96 0.84 0.53
susceptibilitypostexposure 2 0.99 0.37 0.38 0.69 0.80 0.45 157 0.21
treatmenfostexposure 10 248 0.01 2.39 0.01 1.37 0.19 1.44 0.16
exposuretimgiostexposure 4 198 0.10 - - - - - -
susceptibility:exposuretime 2 0.86 0.42 - - - - - -
treatment:exposuretime 10 296 0.00 - - - - - -
susceptibility:treatmeniostexposure 10 1.32 0.21 2.73 0.00 0.96 0.47 1.88 0.05
susceptibility:treatment:exposuretime 10 153 0.12 - - - - - -
susceptibility:exposuretimgostexposure 4 1.64 0.16 - - - - - -
treatment:exposuretimgstexposure 20 1.15 0.29 - - - - - -
susceptibility:treatment:exposuretimestexposure 20 0.98 0.48 - - - - - -
Residuals 1454

Models specific to each exposure time do not include exposure time as a fixed, explanatory variable in the model sthibtig@ndries containing

exposure time have been left blank.

2 Residual df is 491
3 Residual df is 492
4 Residual df is 471
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Table 2.9 Summary of the specific statistical model results for
the log velocity moved byT. castaneunafter exposure to 0.4%
long lasting deltamethrin-incorporated netting in the sublethal

movement assay over a 6fhin period.

Overall model

Variable Df F P
susceptibility 1 0.02 0.89
treatment 1 5.87 0.02
postexposure 2 5.68 0.00
exposuretime 2 2.73 0.07
susceptibility:treatment 1 0.08 0.78
susceptibilitypostexposure 2 1.74 0.18
treatmenipostexposure 2 13.11 0.00
exposuretimgiostexposure 4 2.39 0.05
susceptibility:exposuretime 2 056 0.57
treatment:exposuretime 2 2.73 0.07
susceptibility:treatmentpstexposure 2 1.19 0.30
susceptibility:treatment:exposuretime 2 2.84 0.06
susceptibility:exposuretimgostexposure 4 0.70 0.59
treatment:exposuretimgstexposure 4 7.85 0.00
susceptibility:treatment:exposuretimestexposure 4 7.03 0.00
Residuals 750
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Table 2.10 Comparison of model results for time when 50% oR. dominicaadults
have been killed when continuously exposed to cheesecloth treated with 1%
concentration of each Al

Treatment  Susceptibility LT so(h) 95% ClI Slope + SE R? G? d P
Deltamethrin Susceptib|e 3.37 3.00 - 3.73 1.07 + 0.10 0.86 13.92 18 0.73
Resistant  4.47 403 - 499 105 + 0.06 095 562 18 0.99
Permethrin Susceptib|e 11.29 991 - 1290 0.77 + 0.05 0.92 1463 22 0.88
Resistant 11.98 046 - 13.81 074 + 0.04 094 942 22 0.99
Dinotefuran Susceptib|e 43.98 38.56 - 49.97 0.88 + 0.05 0.86 1592 22 094
Resistant 58.01  52.11 - 6527 0.92 + 0.09 0.82 1549 22 0.84
Indoxacarb Susceptib|e 31.67 27.02 - 3557 0.99 + 0.08 091 5.76 18 1.00
Resistant 30.44  24.97 - 3480 0.88 + 0.12 076 13.22 18 0.78
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Table 2.11 Comparison of model results for time when 50%Tofcastaneuradults have been killed when
continuously exposed to cheesecloth treated with 1% concentration of each Al

LT
Treatment  Susceptibility (h)50 95% ClI Slope + SE R? & df P
Deltamethrin  Susceptible 4.46 381 - 513 0.64 + 0.08 0.72 34.28 26 0.13
Resistant 4.98 434 - 5.7 0.68 £+ 0.06 0.82 2226 26 0.67
Permethrin Susceptible 19.18 15.88 - 2278 0.64 * 0.03 0.95 4.32 18 0.9996
Resistant 19.19 1596 - 2273 065 = 0.04 094 6.57 18 0.99
Dinotefuran  Susceptible 104.02 99.49 - 108.98 249 + 0.30 0.79 21.83 18 0.24
Resistant 80.00 7569 - 8448 198 <+ 0.16 0.89 15.86 18 0.60
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Abstract

BACKGROUND: Highly mobile stored product insects may be abletaily orient in

response to food cues and pheromones to attack durable commodities at each linkarvpest
supply chainA 0.4% deltamethrifincorporated londasting insecticide netting (LLIN) is a
successful novel preventative integrated pest management (IPM) tactic to intercept dispersing
insects after harvest. However, it is unknown whether exposure to LLIN may aféextionl and
orientation to important semiochemicals by immature stored product dermestids. Therefore, the
aim of this study wato assess whether exposure to LLIN disrupts the normal olfactory and
chemotactic behavior afarehouse beetl@rogoderma variabildallion (Coleoptera:
Dermestidaeandlarger cabinet beetld,. inclusumLeConte (Coleoptera: Dermestidda)val
movement in the presence of important semiochemicals, including food kairomones (e.qg., flour)
and pheromones, e.gZ){14-methyt8-hexadecenal.

RESULTS: The distance moved by larval populationTofvariabilewas reduced by 64% after

24 h exposure to LLIN compared to control netting but not immediately after exposureT while
inclusumlarvae movement was reduceddffoimmediately after exposure to LLIN compared

to the control netting. Generally, the olfaction and orientation of larval dermestids were affected
after exposure to LLIN compared to control netting. There were spatiesl differences in

effects on olfactin after the insects wereposed to LLIN.

CONCLUSION: Our study suggests the useLbiN may enhance the effectiveness of other
concurrent behaviorallpased strategies such as mating disruption when used as part of a
comprehensive IPM program in the postharvest environment.

Keywords: Dermestids, movement, behavior, olfaction, integrated pest management
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Introduction

The agricultural sector makes a significant contribution to the economy, and thea pasit

setting is a crucial component of this sector. The postharvest supply chain encompasses a wide
range of stages, starting from the farm where crops are harvesteatanding all the way to the

end consumer The postharvest supply chain involves the movement of durable agricultural
commodities through erand offfarm storage, elevators, processing facilities, warehouses,
distribution centers, retail stores, and ultimately into consumer pantries. Durinin&astored
product pests readily attack these commaodities, leading to significant damage in both the quality
and quantity of these food€very year, producers lose betweé&B@% of their harvested crops

due to stored product insect infestations, which leads to an economic loss of ovieilliRID0

USD globally® Therefore, it is vital to develop effective management strategies to prevent
losses from infestations of stored product insects.

Integratedpestmanagement (IPMis a holisticapproactof pest management which
integratessarious managemetdchniquedo control aninsects within a system, employing
insecticides as a finagésort! Movement of insects has always been an ongoing challenge to
successful integrated pest management programs (IPM). For exangpkh period
Trogodermavariabile Ballion (Coleoptera: Dermestidae) larvae moved about 15 m on average,
which extrapolating to a 24 h period would be 180 m. This is easily on the same order of
magnitude or greater as adultvariabile which when marked and releasecdood processing
plant, was foundo move an average of 75 m awfagdditionally, arrayed in the same
experiment, control larval. variabilewalked 3.5fold greater distances and velocity than
adults’ Indeed Sakka et af.documnented that in leaserecapture assays, the number of

Trogoderma granariunkverts (Coleoptera: Dermestidae) adults found in traps (&20%0
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recaptured) partially designed for dermestids were fewer than larvae (€ 0% 20ecaptured),
suggesting larvalrogodermaspp. are strong dispersers compared to adult stages. In adfition,
variabile may sometimes be the predominant species at a food facility, has been documented
moving across multiple floors with markleaserecapture, and evidence of larabgoderma

spp. movement has been observed with cast larval cutiElaally, some of these stored

product insects appear capable of using alternate hosts in the landscapes outside of food
facilities, includingQuercussppl® Taken together, this presents a compelling case for especially
evaluating the movement of larveBlogodermaspp. as a potential ongoing struggle in some IPM
programs.

While movement and spatial variation in pest abundance can critically affect integrated pest
management programs for food facilitté®ne innovative method to intercept immigrating
insects that has been successfully employed after harvest iagiimg insecticidencorporated
netting (LLIN). LLIN has demonstrated both lethal*and sublethal effects on a variety of
stored product pesfs* making it an ideal method to cover openings such as doors, windows,
vents, cracks, or crevices, intake or outtake manifolds on processing fatilwsings on
grain silost® and pallets in warehous&s

LLIN incorporated with deltamethrin or alpltgpermethrin has been highly effective
against numerous important stored product ins&tté1€21 For example, prior work found
deltamethririncorporated LLIN was effective against ad@t flour beetléribolium castaneum
(Herbst)(Coleoptera: Tenebrionidgdgsser grain bordRhyzopertha dominigarice weevil
Sitophilus oryzagl..) (Coleoptera: Curculionidag)® Trogoderma variabilg?® andkhapra beetle
T. granarium?® Meanwhile, alphaypermethririncorporated LLIN effectively induced

mortality against adukawtooth grain beetl©ryzaephilusurinamensigL.) (Coleoptera:
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Silvanidae) R. dominicarusty grain beetl€ryptolestes ferruginey$tephens) (Coleoptera:
Laemophloeidag)s. oryzaegranary weevi.granarius(L.) (Coleoptera: Curculionidag§
cigarette beetleasioderma serricornéF.) (Coleoptera: Ptinidae), Mediterranean flour moth
Ephestia elutellgHubner) (Lepidoptera: Pyralidg&)and larger grain bordtrostephanus
truncatus(Horn) (Coleoptera: Bostrichida&) The least susceptible species to aipha
cypermethririncorporated LLIN were maize weewBltophilus zeamai@otschulsky)
(Coleoptera: Curculionida€]ribolium castaneurd andconfused flour beetl&ribolium
confusundu Val (Coleoptera: Tenebrionida@)Ranabhaet al? found that adult phosphine
susceptible aneresistant strains df. castaneurandR. dominicavere equally susceptible to
deltamethririncorporated netting and were also susceptible to other active ingredients such as
dinotefuran, permethrin, and indoxacatb

However, there has been less work investigating the effects of netting exposure on larvae
of stored product insects. Wilkies al” assessed lifstage specific differences in mobility ©f
castaneunandT. variabileafter exposure to LLIN and found that larvae were more resistant to
the effects of netting than adultdlevertheless, only about half as mamyN -exposed larvae
made it to a novel food patch 25 cm away compared to a control resiioged group, and only
a small fraction (~5%) dfLIN -exposed larvae made it to the food patch at 75 cm compared to
the control grouplnterestingly, control large larval and adultvariabilewere equally
successful in dispersing to novel food patches overdénportantly, ths prior study did not
evaluate dispersah the presence of semiochemicals. Other work evaluated control or treated
netting exposure by. granariumin the presence of kairomones and pheromones in a miniature
wind tunnel® and found interacting effects related to thigmotaxis and anematasiddition,

Morrison et aP® found thafT. granariumandT. variablelarvae respond to their sex pheromone
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over and beyond a control by several fold in a variety of behavioral askaysver, to date, no
work has been performed with larvial variabileor T. inclusumon how exposure to control or
insecticideincorporated netting affects semiochemicadiated movement. Thus, it remains
unclear whether exposure to LLIN affects normal olfactory orientation and movement. This is
important, because the larval stage fathbaf these species represents the bulk of the duration of
the life cycle.

Among the various stored product pe3tsyariabile andT. inclusumare two significant
and widespread dermestid speci@oth are externahfesting insects that attack various
products and may be problematicdurable commodities at mills and processing pl&hBoth
species have short lifespans as an &dtiitus the larval stage comprises the majority of the life
cycle, causing most of the dama&§é\s a result, better understanding how these species respond
to novellPM approaches is important for tailoring implementation of tactics in behaviorally
compatible ways Ranabhag¢tal.?® demonstrated how exposure to LLIN affected the movement
and olfaction in the presence of important semiochemicals to different sexes daf.aduilabile
andT. inclusumOur aim was to evaluate whethermature dermestigécluding larvalT.
variabile and T. inclusummay behave differently compared to adults towards the same stimuli,
including to conspecifiproduced pheromones and food cater exposure to LLINbY
assessing their behavior in the laboratdye hypothesized that LLIN exposure would
significantly alter olfaction by one or both species through contact with deltam#theridid this
by tracking their movement with a network camera coupled with Ethovision after brief exposure

to LLIN.
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Materials and methods

Sources Insects

Four to sixweekold larvae ofT. inclusumandT. variabile were used for the experiment.
Both strains were originally obtained from the field in naréimtral Kansas in 201&hd 2016
respectively. Colonies of these species were reared under controlled conditions in an
environmental chamber set to a temperature of 27.5 °C, 65% RH, and 14:10 (L:D) h
photoperiod. Both speciegerereared or800 g of ground dog food (SmartBlend, Lamb flavor,
PurinaOne, St. Louis, MO, USA) with oats sprinkled on top and atem&d, crumpled paper
towel placed on the surface in a 90 mason jarindividuals were not starved and used
immediately for exposures from subcultures.
Treatments

Thelong-lasting insecticidencorporated polyethylene netting (2 x 2 mm mesh, D
Terrance, Vestergaard, Lausanne, Switzerland) included 0.4% deltamethrin, or control netting
that was identical in physical properties but without insecticide. These were uketdeawit
movement assayVe assessed the movement in the vicinity of important pheromonal and food
kairomones after exposure to LLIN or control netting. Food consisted of 0.01 g of organic,
unbleached flour (Heartland Mills, Marienthal, KS, USA), and pherahstmuli included a
broad spectrum, muispecies lure (PTL lure, HLO8-10, Batch#1288200321, Insects Limited,
Westfield, IN, USA), includingrrogodermaspp pheromonezj-14-methyt8-hexadecena®
which is femaleproduced and crosstractive to both speci€®ln each replicate, we used a
single pellet (white color), and affixed it in place so it did not move in a Petri dish usinga 1 x 1

mm square of parafilm. For each replication of testing, we used a fresh lure.
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Movement Assay

The movement of larvae after exposure to the 0.4 % deltamethrin LLIN or a control
netting in response to food cues (using 0.01 g of flour) or with conspecific sex pheromones
(using a single bead from a disaggregated PTL lure held in place with a smedl sljua
parafilm), was tracked in six individual arenas (100 x 15 mm D: H) with a piece of filter paper
(85 mm D, AhlstromMunksj6, Helsinki, Finland) lining the bottarMovement was tracked for
30 min using a network camera (GigE, Basler AG, Ahrenburg, @grjraffixed 76 cm above
and centered over the dishes. The Petri dishes were backlit using a LED light box (42 x 30 cm
W: L LPB3, Litup, Shenzhen, China) to increase contrast and affixed in place with white foam
board. The video was streamed to a computer and processed in Ethovision (v.14.5 Noldus Inc.,
Leesburg, VA, USA). Prior to use in the movement assay, larvaevairiabileor T. inclusum
were exposed to the 0.4% deltamethrin LLIN or a control netting for 1 min in a 21 x 21 cm
square Petri dish, then their movement was tracked individually after-axpsture holding
duration of 1 min or 24 to assess immediate veldyed impactsThe position of treatments
was randomized between each replicate to control for positionalbgmsall 1.1 cm hidden
stimulus zone encircled each stimulus, midway and centered on each half of the arena wherein
movement was tracked separately from each half of the arena (control vs. treatheesthall
stimulus zone was used to evaluate interactions with the semiochemicalleaiéstal distance
moved (cm), instantaneous velocity (cm/s), frequency of entering each half of the petndlish
stimulus zone, cumulative duration spent in each zone (s), and latency of entering each zone (s)
over a 30 min trial period was logged after exposure to a given treatment. The control side of the

arena remained empty. A total of n = 16 replicates werger treatment combination for both
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speciesThus, in total, there were 384 individual larvae tested and 11,520 min of video was
recorded.
No-Choice Releasdrecapture Assay

A releaserecapture experiment was conducted for the larvae ofThotariabileandT.
inclusumwhere larvae were exposed to the 0.4% deltamethrin LLIN and control netting for 1
min. After exposure, treated insects were released at one corner of the sanded plasti bin (60
41.6 x 16.5 cm L:W:H. A commercial pitfall trap (Dome Tr&p, Trécé, Inc., Adair, OK, USA)
that contained a PTL lure (ug only a singlewhite beadper trapas above), or 0.01 g flour, or
no stimuli (unbaited for control), was depéalin the opposite corner, diagonally across from the
release point in the bin. The bins were located in a l&&e<(2.1 x 6 mL:W:H) walk-in
environmental chamber (Percival Instruments, Dallas County, IA, USA) set at constant
conditions (27.5°C, 60% RH, and 14:10 L:D). A total of 10 larvae were released in each bin
during each replicate. Treated larvae were given 24 h to despethe semiochemicals in each
trap, and then the number of insects captured inside the trap, found on the bottom of ¢ime trap
the stimulus half of container or on the r&iimulus half of the container were recorded. A total
of n = 12 replicates were performed per treatment combination for the larvae of each species.
Statistical Analysis

In the movement assay, prior to data analysis, the track viewer was used to evaluate all
samples and eliminate any where there was false accumulation of distance due to cursor bounce
or other artifacts of Ethovision. Afterwardlgtdistance moved and instantaneous velocity were
analyzed with a linear mixed model, using the run date as a random variable. The frequency,
cumulative duration spent in, and latency to entering control/stimulus zones and

control/treatment half zone wea@alyzed with a multivarta analysis of variance (MANOVA)

114



followed by sequential ANOVASs for each resporaeiable In each case, the semiochemical

treatment, exposure to netting, and pagtosure holding duration were fixed, explanatory

variables, along with their twavay and threavay interactions. Assumptions of normality and
homogeneity in variances were checkgdnspecting residuals and diagnostic plots, and log
transformation was used when appropriate, which corrected any issues. Tukey HSD was used for
multiple comparisons upon a significant result fréva overall model. For the releasscapture

experiment, we used a generalized linear model based on a quasipoisson distribution (e.g.,

because overdispersion was a problem), with the same model structure as above. All analyses

were run using R softwaféwi t h U=0. 05, and Tukey Hh8lpwé or mul
have used St ude n thécxzomparisoresdbatweéndreatment dn@ coritrol pooes t

in the movement assay, denoted in figures with asterisks.

Results

Trogoderma variabilenovement

None of the main effec{®.g., exposure to LLIN, semiochemical presence, or postexposure
holding durationkignificantly affected the distance moved or velocitjaoval T. variabile
(Table3.1, Table3.2). The2-way interactiors of netting with the treatmeir postexposure
holding duratiorand 3way interactiorsignificantly affected the distance and velocity moved by
immatureT. variabile(Table3.1, Table3.2). For example24 hafterexposure to LLIN, the
distance moved in response to the food stimuli was reduc2d@ligld compared to control
netting(Figure3.1, Tukey HSD) Similarly, the velocity was reduced by 62% in the presence of
food 24 h after exposure to LLN compared to control netting (Figade

Behavior of immaturesT. variabile

Frequency of entering each zone
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Semiochemical treatment, exposure to netting, andgqeisure holding duration all had a
significant effect on the frequency of entries into the stimulusszame thehalf zone by larvae

of T. variabile(MANOVA, Table 3.3). Overallthere were 1i3.4-fold more frequent entries in

the treatment stimulus zohg larvae ofT. variabileafter exposure to control netting than
exposure to LLINTable3.3, Figure3.2). Further, posexposure holding duration significantly
affected the frequency of enteringtbdhe stimulus zone and the control half zone, with 1.6

fold more entries immediately after exposure compared to 24 h later Faplafter 24 h,

there were twice the number of entries in the control stimulus zone than the treatment stimulus
zone containing food after exposure by lafvalariabileto control netting, but entries equalized
after exposure to LLIN (Figurg.2). The twoway interaction between semiochemical treatment
and postexposure holding duratioresulted inl.8-3.1-fold more entries into the treatment half

of the arena immediately after exposure compared to 24 h later (Bi§ure

Cumulative duration spent in each zone

The cumulative duration spent in each zone by laFvahriabilewas significantly affected by

all the factors in the model, including semiochemical treatment, exposure to netting, and post
exposure holding duration (Tal8el). The cumulative duration spent in each zonealss
significantly impacted by each twaeay interaction among those variables (T&¥g. Exposure

to LLIN resulted in 2.Zold more time spent in the treatment stimulus zone and an 85%
reduction in time spent in the control stimukanes by larval . variabile(Table3.4). The
semiochemical treatment alsssulted in 1.50ld more time spertty larvae ofT. variabilein in

the control stimulus zone in arenas with pheromones compared to when no stimuli were present
(Figure3.2). However, the cumulative duration spent in the treatment stimulus zone baited with

pheromone was reduced byd@d after exposure to the LLIN compared to control netting,
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whereas the cumulative duration spent in the control stimulus zone when unbaited was increased
by 2.5fold after exposure to the LLIN compared to control netting. After a 24 heppstsure
holding duration to LLIN, the cumulative duration spent in theshis treatment zone baited
with food was increased by 2f6ld compared to exposure to the control netting. Further, the
cumulative duration spent in the control stimulus zone in arenas with pheromonal stimuli was
reduced significantly by 1fld 24 h afer exposure to LLIN compared to control netting (Figure
3.2). Further, the cumulative duration spent by immatureariabileon the control half of the
arena 24 h after exposure to LLIN was-foltl higher in unbaited arenas than in arenas with
food cues (Figur8.3). Additionally, the cumulative duration spent in the treatment half zone
baited with pheromone was increased by-foll 24 h after exposure to LLIN compared to the
control netting (Figur8.3).

Latency to each zone
For immatureT. variabilg the latency to finding each zone was significantly affected by the
semiochemical treatment, exposure to netting, andegeisure holding duration (TalBeb).
There was 4.5fold increase and an 18% reduction in the time it fbokariabilelarvae to find
the treatment and control stimulus zones, respectively, at 24 h comparedrii@Figure3.3).
The latency to first entry of th@ontrolside of the arena wasféld greater in the presence of
food byT. variabilelarvae afer exposure toontrol nettingcompared to theLIN (Figure3.3; t-
test:t = 4.85, df = 26, P < 0.0001 We observed that after exposureadmtrol netting the
latency to the treatment zone halftlbé arena in the presence of the pheromone treatment was
increased by 3-1old compared to the unbaited control, while the latency to the control half in
the presence of the pheromone was reduced by 42% compared to the unbaitedocotiis|

equalized after exposure to LLIN (Figu3&). Additionally, the latency to finding the treatment
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half of the arena baited with pheromone was reducedfbid4and the latency to finding the
control half of the arena in the presence of pheromone was increasddIthy@ T. variabile

larvae 24 h after exposure to LLIN compared to control netbiagthis response also

equilibrated between the zones after exposure to I(Elure3.3).

Release and recapture of immature§. variabile

A total of 21 7.5% larvalT. variabilewere recaptured in traps, indicating that interpretation of the
data is possible. There wasi1224-fold moreT. variabilelarvae in traps with pheromones than

in those left unbaited or with food only, respectively (MANOVA, Tahi Figure3.4).

Exposure to LLIN significantly altered the pattern of captures of larvaariabilecompared to
exposure to control netting, decreasing efficacy of food as &Higitre S31). There were 115
1.9-fold more larvae underneatte trap in the control and pheromone treatment compared to the
traps with food onlyfFigure3.4). In addition, there was a qualitative interaction between netting
and semiochemical, wherein semiochemical did not greatly affect the number of larvae
underneath a trap after exposure to control netting, but there wei@dd more larvae

underneath inite control and pheromone treatment, respectively, compared to the traps with
food after exposure toLIN (Figure3.4).

Trogoderma inclusummovement

The main effects of semiochemical treatment, exposure to netting, arekpostre holding
duration significantly affected the distance moved by immakureclusum(Table3.1). The
two-way interactions among the main effects also significantly affected the distance mdved by
inclusumlarvae. The distance moved by immattirenclusunmwas significantly reduced by 2

fold immediately after exposure to LLIN compared to the control netting (F&byeHowever,

118



the velocity moved by th&. inclusumarvae was not significantly affected by any of the main
effects norany of the interactionamong the variables (TabB2; Figure3.5).

Behavior of T. inclusum

Frequency of entering each zone

ForT. inclusumarvae, the frequency of entering each zone was significantly affected by the
semiochemical present and pesgposure holding duration (Tal#). In addition, the 3vay
interaction among all the main factors including semiochemical treatment, exposure to netting,
and postexposure holding duration, significantly affected the frequency of entering each zone
(Table3.3). The frequency of entering the treatment stimulus zone and each treatment half of the
arena was increased by fold and educed by 26%, respectively, compared to the control
without stimuli. The postexposure holding duratiaesulted inl.6 2.6-fold more entries in the
control stimulus zone and control half of the arena, respectivelly, inglusumarvae at 1 min
compared to 24 h (Figu®6 and Figure3.7). However, at 24 h after exposure_tdN, there

was a 57% decrease in the frequency of entriek Inyclusumarvae into the treatment stimulus
zone in the presence of pheromone compared to the unbaited controhftdniExposure to

control netting, the frequency of entries increased by¥y&din the presence of pheromone
compared to the unbaited control (Fig@re). One minute after exposure to control netting, the
frequency of entering the treatment half of the aren&. ligclusunarvae was reduced by 48

54% in the presence of the pheromone and food, respectively, compared to the unbaited control,
whereas larvae exposed to LLIN increased their frequency of entering the treatment half of the
arena by 1.3old when exposed to food cues or reduced their frequency of entries by 22% in the
presence of pheromone compared to the unbaited control (RBigyre

Cumulative duration spent in each zone
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ForT. inclusumarvae, the cumulative duration spent in the stimulus zone or half zone was
significantly affected by all main effects in the model (MANOVA, TabkW). However, none of
the interactiongxcept treatment by nettirgignificantly affected the cumulative duration spent
in each zone (Tabl@4). LarvalT. inclusunspent 1.41.5fold more time in the control stimulus
zone when the arena had food or pheromone, respectively, compared to when left unbaited
(Figure3.6). Further, exposure to the tiey) affected the cumulative duration spent in the
control and treatment halves of the arena as well as the control stimulus zone. There was a
increase by 4old in the cumulative duration spent in the control stimulus zone with pheromone
immediately afteexposure to LLIN compared to control netting (Figa®). After 24 h, there
was a increase in the cumulative duration spent in the control stimulusizdne absence of
any stimuli after exposure to LLIN compared to control netting (Fi§u@e Furtrer, forT.
inclusumlarvae, 24 h after exposure to LLIN, the cumulative duration spent in the treatment
stimulus zone containing food stimuli was decreased by 88% while the cumulative duration
spent in the control stimulus zone containing food stimuli was increasefolry, vhen

exposed td.LIN compared to the control netting (Figugé). Finally, the cumulative duration
spent by larval'. inclusunin the control halves of the arenas after exposure to LLIN wés 1.7
3.5fold greater than the treatment halves of the arenaereas there was no significant
difference in the control (Figui®7).

Latency treatment, control stimulus and half zone

All the main effectsincludingsemiochemical treatment, exposure to netting, andepqeisure
exposure holding duration, significantly affected the latency to finding each zone by larval
populations ofl. inclusum(Table3.5). Further, the twavay interaction between semiochemical

treatment and postxposure holding duration affected the latency to finding each zohe by
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inclusumlarvae.At 1 min after control netting exposure, there was-&oRY greater latency to

the treatment half of the arena compared to the control half of the arena byl lanciisum

when food was present (Figu&’), but this was no longer statistically significant after exposure
to LLIN. Further,after 24 h,T. inclusumarvae experienced increased latency@4gld to

finding the stimulus zone when it had pheromone after exposure to LLIN compared to control
stimulus zonegFigure3.7).

Release and recapture of immature§. inclusum

A total of 3.8% larvall. inclusumwere recaptured in traps, indicating that reasonable
interpretation of the data is possibldere were Zold moreT. inclusumarvae captured in traps
with food compared to those left unbail®@ANOVA, Table 3.6; Figure3.4). There was a 96%
decrease in the captureDfinclusumarvae in traps after exposure to LLIN compared to control
netting(Figure3.4). Exposure to LLIN led to decreased movement and significantly reduced
capture of larval. inclusunby all traps ompared to control nettingrigure S31). There were
2.9-fold moreT. inclusumarvae on the nestimulus half of the arenas after exposure to LLIN
compared to control netting, while there was a 51% reduction of larvae on the stimulus half of
the release arena3.4). There were 7:Bld more larvae underneath the trap after exposure to

control netting compared to after exposure to LLIN.
Discussion

In this study, we have built on prior work dealing with how exposutd IN affects
olfaction by dermestid$siven the complex study design and large number of tests, we have
included a synthesis figure to help guide the refieigure3.8). In particular, here we have
evaluated the response of dermestid larvdd i for the first time in the presence of
semiochemical stimuli such as food or pheromones. We found a delayed effect of brief
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exposures to LLIN off. variabilelarvae, while the overall movementBfinclusumarvae was
much less affectedhis is despite the fact that control larfalvariabileandT. inclusummoved
175250 cm in just 30 min periods, translating te12D m in a 24 h period if the same rate
holds. Thus, regardless of the apparent importance of crawling to translocate for larval
Trogoderma spp. in this study, variabileand to a lesser extent inclusumwere affected by
LLIN. Prior work with residual deltamétin on concretén the laboratoryat rates of B24 mg
deltamethrin per Awhen provisioned with foodere found to be more effectiat inducing
mortality against adults of. variabileandT. inclusunthan larvae® Likewise, otherwork has
generally found dermestid larvae, includihgvariabilewere much moreesistant to changes in
mobility afterbrief exposures of deltamethsincorporated_LIN compared to adultsesulting

in decreased efficacyput up to this pointjttle research has evaluated how exposure may affect
movement irresponse to olfactory cues present in the environment.

In the current studyalvalT. variabilemoved the least in the presence of pheromones
after 1 min of LLIN exposure but the most with pheromones after 24 h compared to the
respective controls (e.g. no stimuli), but in both periods, after exposure to control netting
movement was greatest when food was presémwise, the efficacy of lures in traps was
altered after exposure to LLIN by larvEl variabile with a substantial decrease in the efficacy
of the lure when food was used as a bait compared titedtiraps, which were more effective.
Overall, this suggests that the normal olfactory processes are changing after exposure to LLIN.
Based on the patterns with distance moved by |arveariabile it is possible different
underlying molecular mechanisms are taking place for 1) 1 min and 24 h control netting
exposure, 2) 1 min LLIN exposure, and 3) 24 h LLIN exposure. These individuals each show

qualitatively different patterns of response. Fomeple, Ming et al®>’showed that a combination
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of nutrition and physical absorption allow&dcastaneuno detoxify the deltamethrin in LLIN.
Other work found nometting exposed. variabilelarvaealso had sometimes fluctuating
behavioral responses to pheromone and food cues iattwvioe tests and arrestment studfes.
Thus, exposure tbLIN appears to interfere with normal olfactory processes. mariabile

By contrastaltering the olfaction of larval. inclusumafter LLIN exposure manifested
differently than that oT. variabile Here, exposure to LLIN resulted in less time spent with food
and pheromones and a longer latency to finding those cues that may be indicative of resources
(e.g., mates, food, habitat) By inclusumarvae compared to controls. In addition, effects
seemed to be significantly delayed, and only appear at 24 h, not at 1 min after exposure.
Together, this suggests that larValinclusimis more robust to brief exposures to LLIN than
variabile, although its olfactory processes do eventually become altered, albeit in more nuanced
ways. Unlike the diagnostic mobility patterns found irvariabile we observed a general
suppression in the distance moved, but only after 24 h for LLIN exgadsadlusuniarvae.ln a
companiorstudy with adulfT. variabileandT. inclusumRanabhaet al?® found that the
olfaction of adulfT. inclusumwas more affected than variabile Here, we seem to have
documented the reverse pattern with larvae, Withariabilelarvae more affected than
inclusumwhen orienting to semiochemicalfter exposure to LLIN

Additionally, the frequency of entries into the stimulus zones when pheromone was
present by larvarl. inclusumafter exposure taLIN was significantly reduced compared to
control netting. While part of thidefinitely may be from reduced movement, it also suggests
that exposure tbLIN interferes withnormal olfactory orientation by larval inclusumPrior
work has found that under normal circumstantegodermaspp. are more likely to move

upwind when there is an odor source that contains both sesrpbee and food kairomonés.
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In addition, exposure to cuticular extracts from conspecifics resulted in aversiomnojusum
likely due to the presence of oleic aéidPresence of oleic acid likely was not an issue in the
present study, because it is usually a marker of death, and we used only alive or affected
individuals. While it is possible other abiotic factors affected responsiveness to pheromonal and
food cues all treatments were represented equally betweerI®@D under constant
conditions (27.5 £ 0.03°C, 65 = 3% RH), which corresponds to peak activilyifariusum In
addition, # larvae were kept under similar prior holding conditions, then exposed uniformly.
The fact that there were a lower number of entries into the stimulus zones with pheromones after
exposure ta.LIN implies thatT. inclusunlarvae cannot easily locate pheromone sources after
exposure to LLINa fact born out by the results of the latency to finding the treatment Hoise
may yield many benefits to food facilities trying to protect their commodities and exclude insects
from immigraing to new areas.

In the trapping assay, larval inclusumwere not able to locate traps effectively after
LLIN exposure. While someE. inclusunshowed movement away from the release point after 24
hours, few made it to a trap, and even fewer made it inside a trap. This suggests that normal
olfactory processes may be interrupt€dis was despite usirthe commercially available and
widespread Dome® trap, which was shown to be the most sensitive trap among competing traps
for stored product insects in Greéé&lonethelesghe control captures aie line with prior
work on trappingr. variabileand other dermestids using a variety of trap designs and lures, even
in the laboratory and in confined spaéem that study, they found betweeid®% recapture in
traps.It is likely there was relatively low capture in our controls as a result of disaggregating one
companyé6s lure and using with anotherés trap.

comprehensive trapping systems that are more effective whensudedigned?Prior work has
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found thatTrogodermacan be the predominate species in a food facilities, with larval stages
showing movement, and present in high traffic areas such as on conveyors of a procesging line.
In sampling at 15 Spanish food facilities over two years, a prior study captured datRisum
including a few larvae in traps. In the US, out of seven dried distillers grains (DDGS)

facilities, heavyT. variabileinfestations were found at all of them and heavy infestatiofis of
inclusumwere found at five facilitie€® These studies suggest that this work on evaluating
trapping is relevant given the food security fisknclusunposes.

We found that exposure to deltamethogsed LLIN disrupted response to food and sex
pheromone. Deltamethrin is among the chemical class of Type Il pyrethroids, which are a newer
and less studied chemistry in stored product insé@sltamethrin is a contact insecticide that
generally interferes with the production and propagation of nerve signals, because it prevents the
proper functioning of the activation gate for the sodium ion charffiéls most chemosensation
happens through nerraediated signals from the antennae in insects, and most larval
dermestidae, includin§rogodermaspp. have antennae and senstriamakes sense that
response to these semiochemicals would be suppressed after contact with deltamethrin LLIN.
Ultimately, this may make LLIN more effective, because it signifies that after contact, stored
product insects are not likely to be able to fiadd sources or mates after contact at food
facilities. This will be especially true if movements are less coordinated, which has generally
been documented after exposure to deltamethrin UI}Ninterestingly, even though an
insecticide was employed that can interfere with nerve signals, there was still generally robust
movement by larvae, hovering around 230 cm in a half an hour period By variabileandT.
inculsum This was likely facilitated by some morphological features of the larvae that included

dense and abundant setae over much of their body that may allow for minimal contact with
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LLIN. Future work should investigate how stored product insects may detoxify deltamethrin
after contact with LLIN.

While we only tested food artle sexpheromone in this assdwtit is possible the
inclusion of other types of cues could have resulted in similar or different outcomes in the
behavior by these two speciesTabgodermaFor example, necromones are another class of
signal, which includes oleic acid. Oleic acid was shown to be repell@niriolusumandT.
variabile at high concentrations, but it was attractive at low concentratiohsvariabile3
While necromones did not reduce attraction to traps with conspecifics, they did not hinder
attraction and may enhance it in some caseg. vriabileandT. inclusunf® In other situations,
necromones may have little effect on the stability of the volatile emissions front!tiajss
unknown whetheLLIN exposure would affect the behavioral responserofjodermaspp. to
these necromones. Other cues include microbial volatiles (revievRamhceet al) #?, to which
stored product insects may have a conserved resg8asel interspecific insect cués.g.,
Athanassiotet al.** Quellhorstet al®). It would be interesting and useful to evaluate how
exposure ta.LIN affects orientation to these other cues.

There is an increasing acknowledgement that understanding the behavioral and
community ecology is important for implementing IPM tacfftkdeed Quellhorstet al*®
found that a more realistic behavioral test was required to help provide a comprehensive picture
of efficacy of a novel formulation of an insecticide compared to an older formulation. There has
not been a lot of research at the intersection of inseceéimacy and chemical ecology,
especially after harvest with stored product insé€ats. study contributes to this intersection and
supports the role for LLIN exposure changing basic olfactory and movement processes in these

two species of dermestids. $hias implications for food facilities that includes likely delayed
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ability to reach and find commodities and potential conspecifics. This may increase commodity
protection but may have a side effect of interrupting monitoring programs. However, the effect
on monitoring programs may be minimal if individual insects evdigtesaccumb to LLIN

exposure. Overall, this study increases our understanding of how effective LLIN is as a tool after
harvest, and brings a greater appreciation for how it may affect key underlying fundamental
biological processes apart from mortalityllBa-up work should understand whether these

findings translate to pilescale warehouses and commercial food facilities.
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Tables:

Table 3.1 Summary of statistical model results for
the distance moved by larval dermestids after
exposure to 0.4% deltamethrin incorporated
LLIN in response to important semiochemicals
(e.g., negative ctrl, food, oifrogoderma sppsex
pheromone) over a 3émin period at the Center
for Grain and Animal Health Research in
Manhattan, KS.

ANOVA
Variable df F P
Larval T. variabile
netting 1 0.61 044
treatment 2 3.35 0.04
postexposure 1 0.06 0.81
netting :treatment 2 3.88 0.02
netting :postexposure 1 4.45 0.04
treatment:postexposure 2 166 0.19
netting :treatment:postexposurc 2 4.77 0.01
Residuals 159
Larval T. inclusum
treatment 2 4.10 0.02
netting 1 11.8 0.001
postexposure 1 5.27 0.02
treatment:netting 2 3.19 0.04
treatment:postexposure 2 4.27 0.02
netting:postexposure 1 11.8 0.001
treatment:netting:postexposure 2 2.77 0.07
Residuals 155
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Table 3.2 Summary of statistical model results for the
instantaneous velocity moved by larval dermestids after
exposure to 0.4% deltamethrin incorporated LLIN in
response to important semiochemicals (e.g., negative ct
food, or Trogoderma sppsex pheromone) over a 3in
period at the Center for Grain and Animal Health
Research in Manhattan, KS

ANOVA
Variable df F P
Larval T. variabile
netting 1 085 0.36
treatment 2 347 0.03
postexposure 1 0.33 0.56
netting :treatment 2 450 0.01
netting :postexposure 1 5.02 0.03
treatment:postexposure 2 144 0.24
netting :treatment:postexposure 2 480 0.01
Residuals 159
Larval T. inclusum
treatment 2 0.06 0.95
netting 1 1.28 0.26
postexposure 1 0.004 0.95
treatment:netting 2 0.37 0.69
treatment:postexposure 2 0.13 0.88
netting:postexposure 1 0.95 0.33
treatment:netting:postexposure 2 0.07 0.93
Residuals 155
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Table 3.3 Summary of statistical model results for the frequency of entering each zone by larval dermestids after
exposure to 0.4% deltamethrin incorporated LLIN in the presence of important semiochemicals, including a negati\
control, food, and Trogodermaspp. sex pheromone, over a 3nin period at the Center for Grain and Animal Health

Research in Manhattan, KS

Sequential ANOVAs

Freq. of Freq. of
Stimulus Stimulus Ctrl Freq. of Half Freq. of Half
MANOVA Trt Zone Zone Trt Zone Ctrl Zone

Variable di F P F P F P F P F P
ImmatureT. variabile
netting 1 5.87 0.001 8.23 0.01 17.6 0.0001 192 0.17 257 0.11
treatment 2 550 0.001 1.94 0.15 9.44 0.0001 0.04 0.96 0.45 0.64
postexposure 1 6.71 0.0001 10.0 0.01 8.50 0.0041 15.7 0.001 10.0 0.01
netting:treatment 2 136 0.25 0.52 0.60 0.15 0.86 201 0.14 1.74 0.18
netting:postexposure 1 186 0.12 0.72 0.40 1.83 0.18 6.79 0.01 259 011
treatment:postexposure 2 3.10 0.02 1.00 0.37 4,79 0.01 0.72 0.49 0.57 0.57
netting:treatment:postexposu 2 2.10 0.08 1.42 0.25 3.03 0.05 0.23 0.79 0.12 0.89
Residuals 159
ImmatureT. inclusum
treatment 2 564 0.001 4.22 0.02 1.57 0.21 3.31 0.04 2.49 0.09
netting 1 0.71 0.58 0.05 0.82 2.28 0.13 0.07 0.79 0.49 0.49
postexposure 1 11.7 0.0001 3.13 0.08 9.94 0.01 32.7 0.0001 19.1 0.0001
treatment:netting 2 190 0.11 1.16 0.32 1.97 0.14 0.81 0.45 210 0.13
treatment:postexposure 2 191 011 3.21 0.04 0.07 0.93 0.28 0.76 0.33 0.72
netting:postexposure 1 059 0.67 0.23 0.63 2.08 0.15 0.01 0.90 0.01 0.96
treatment:netting:postexposu 2 3.30 0.01 0.65 0.53 5.02 0.01 3.27 0.04 0.61 0.55
Residuals 155

IAbbreviations: Fredi Frequency, Trf Treatment, Ctrf Control
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Figure S3-1

Table 3.4 Summary of statistical model results for the cumulative duration spent in each zone by larval dermestids after
exposure to 0.4% deltamethrin incorporated LLIN in the presence of important semiochemicals, including a negative
control, food, and Trogodermaspp. sex pheromone, over a 3@nin period at the Center for Grain and Animal Health

Research in Manhattan, KS.

Sequential ANOVAs

Cum. Duir. Cum. Dur. Cum. Dur. Cum.Dur. in
Stimulus Stimulus Ctrl in Half Trt Half Ctrl
MANOVA Trt Zone Zone Zone Zone

Variable df F P F P F P F P F P
Larval T. variabile
netting 1 3.73 0.01 7.51 0.01 582 0.02 1.98 0.16 257 0.11
treatment 2 70.6 0.0001 2.23 0.11 141.2 0.0001 4.70 0.01 439 0.01
postexposure 1 5.78 0.001 0.03 0.87 18.73 0.0001 3.24 0.07 1.76 0.19
netting:treatment 2 3.12 0.02 3.79 0.02 3.22 0.04 4.13 0.02 156 0.21
netting:postexposure 1 2.85 0.03 0.71 0.40 820 0.01 1.89 0.17 0.14 0.71
treatment:postexposure 2 6.33 0.0001 2.58 0.08 6.54 0.01 1.87 0.16 2.45 0.09
netting:treatment:postexposure 2 2.01 0.10 0.68 0.51 2.60 0.08 2.43 0.09 1.70 0.19
Residuals 159
Larval T. inclusum
treatment 2 2.64 0.04 1.58 0.21 414 0.02 1.83 0.16 222 0.11
netting 1 26.9 0.0001 0.31 0.58 104 0.0001 13.0 0.001 12.4 0.0001
postexposure 1 8.01 0.0001 9.48 0.01 19.42 0.0001 12.3 0.001 12.7 0.001
treatment:netting 2 2.46 0.05 0.73 0.48 0.93 0.40 3.15 0.05 423 0.02
treatment:postexposure 2 0.95 0.44 0.06 0.94 1.79 0.17 0.42 0.66 0.35 0.71
netting:postexposure 1 0.92 0.46 1.05 0.31 1.14 0.29 0.97 0.33 0.72 0.40
treatment:netting:postexposure 2 1.57 0.18 0.49 0.62 1.84 0.16 2.54 0.08 2.80 0.06
Residuals 155

LAbbreviations: Cumi Cumulative, Duri Duration, Trti Treatment, CtrT Control
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Table 3.5 Summary of statistical model results for the latency to finding each zone by larval dermestids after exposur:
to 0.4% deltamethrin incorporated LLIN in the presence of important semiochemicals, including a negative control,
food, and Trogodermaspp. sex pheromone, over a 3@in period at the Center for Grain and Animal Health Research
in Manhattan, KS.

Sequential ANOVAs

Lat. to Lat. to
Stimulus Lat. to Half Stimulus Lat. to Half
MANOVA Trt Zone Trt Zone Ctrl Zone Ctrl Zone
Variable df F P F P F P F P F P
Larval T.variabile
netting 11.8 0.0001 0.07 0.79 2.02 0.16 2.49 0.12 42.7 0.0001

1
treatment 2 109 0.0001 0.56 0.57 16.6 0.0001 2.27 0.11 3.76 0.03
postexposure 1 10.6 0.0001 4.37 0.03 10.1 0.002 0.41 0.52 26.1 0.0001
netting:treatment 2 166 0.16 0.57 0.57 2.56 0.08 1.02 0.36 0.84 0.43
netting:postexposure 1 204 0.09 1.98 0.16 0.11 0.74 3.75 0.06 3.64 0.06
treatment:postexposure 2 242 0.05 0.01 0.99 3.37 0.04 1.19 0.31 1.52 0.22
netting:treatment:postexposure 2 1.88 0.12 1.10 0.33 0.04 0.96 0.35 0.71 221 011
Residuals 159
Larval T.inclusum

treatment 2 9.50 0.0001 2.04 0.13 12.0 0.0001 4.16 0.02 8.53 0.001
netting 1 9.78 0.0001 1.20 0.27 17.0 0.0001 0.73 0.40 22.4 0.0001
postexposure 1 16.7 0.0001 1.14 0.29 23.9 0.0001 4.93 0.03 40.2 0.0001
treatment:netting 2 109 0.36 0.52 0.59 1.22 0.30 0.41 0.66 0.96 0.39
treatment:postexposure 2 6.00 0.001 2.41 0.09 8.48 0.001 0.65 0.53 1.92 0.15
netting:postexposure 1 155 0.19 0.01 0.91 5.62 0.02 0.39 0.53 0.17 0.68
treatment:netting:postexposure 2 2.04 0.09 0.57 0.56 3.71 0.03 0.09 0.92 0.50 0.61
Residuals 155

1Abbreviations: Lati Latency, Trti Treatment, CtrT Control
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Table 3.6 Summary of statistical model results for the releaseecapture assay using larval dermestids after exposure to 0.4%
deltamethrin incorporated LLIN in the presence of important semiochemicals, includinga negative control, food, and
Trogodermaspp. sex pheromone, over a 24 h period under constant conditions at the Center for Grain and Animal Health
Research in Manhattan, KS

Sequential ANOVAs

Stimulus Non-Stimulus
MANOVA Half Underneath Trap Captured in Trap Half

Variable df ddef” RO e F P F P F P F P
T. variabile
semiochemical 2 64 3.81 0.01 0.84 044 3.59 0.03 3.7 0.03 1.2 0.30
netting 1 63 1.16 0.34 090 035 281 0.10 0.5 0.47 0.9 0.35
semiochemical:netting 2 64 3.55 0.02 0.67 0.52 6.25 0.01 0.9 0.42 2 0.15
Residuals 66
T. inclusum
semiochemical 2 64 3.10 0.02 3.65 0.03 2.27 0.11 0.8 0.47 3.70 0.03
netting 1 63 42.1 O.Cl)OO 15.6 0'100 53.6 0.0001 18 0.0001 168 0.0001
semiochemical:netting 2 64 1.91 0.12 1.15 0.32 2.78 0.07 0.9 0.42 0.3 0.71
Residuals 66
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Figure 3.1 Distance moved (= SE) or instantaneous velocity (+ SE) by the larval variabile
after exposure to control netting or to LLIN in the presence of semiochemicals
Distance moved (= SE, cm) (top panels) or instantaneous velocity (+ SE, cm/s) (bottom panels)
by larvalT. variabileafter 1 min of exposure to control netting without insecticide or to 0.4%
deltamethririncorporated longdasting netting (LLIN) in the presence of food (0.01 g of wheat
flour), Trogodermaspp. pheromone (e.gZ)¢14-methyt8-hexadecenal) or a negative control
without stimuli during a 38nin movement assay immediately after exposure (left column) or 24
h later (right column). Bars with sharkadters are not significantly different from each other

(Tukey HSD, U = 0.05). Séxpodedtleatments.y area repr e
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Figure 3.2 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by larval. variabile after
exposure to the control netting and_LIN in the presence of important semiochemicals
Frequency of entering (x SE) (top panels), cumulative duration spent in (+x SE) (middle panels)
or latency to finding (bottom panels) the treatment stimulus zone (blue bars) or control stimulus
zone (gray bars) by larval variabileafter Emin exposure to control netting without insecticide
or 0.4% deltamethrimcorporated londasting netting (LLIN) in the presence of important
semiochemicals including food (e.g., 0.01 g of wheat floinggodermaspp. pheromone (e.g.,
(2)-14-methyt8-hexadecenal) or megative control without stimuli during a 30 min movement
assay immediately after exposure (left column) eh2dter (right column). Capitalized letters
represent multiple comparisons among treatments within the control stimulus zones, while lower
case étters represent multiple comparisons among treatments in the treatment stimulus zones
within a given period for a specific response variable. Bars with shared letters of the same case
are not significantly diff er epsthocfcomparisoesac h ot h
have been added between treatment and control stimulus zones where there was a significant
di fference Iin response with asterisks (*, P<O
Shaded grey area represents Lidkposed treatnmés.
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Figure 3.3 Frequency of entering (x SE)cumulative duration spent in (x &) or latency to
finding the treatment half or control half of the Petri dish by larval T. variabile after
exposure to control netting or LLIN in the presence of important semiochemicals
Frequency of entering (+ SE) (top panels), cumulative duration spent in (= SE) (middle panels)

or latency to finding (bottom panels) the treatment half (light blue bars) or control half (light

gray bars) of the Petri dish by larvial variabileafter 2min exposure to control netting without
insecticide or 0.4% deltameth+incorporated londasting netting (LLIN) in the presence of

important semiochemicals including food (e.g., 0.01 g of wheat fldtwgodermaspp.

pheromone (e.g.Zj-14-methyt8-hexadeenal) or a negative control without stimuli during a 30

min movement assay immediately after exposure (left column)-bri@gr (right column).

Capitalized letters represent multiple comparisons among treatments within the control half of

the arena, whe lower case letters represent multiple comparisons among treatments in the
treatment half of the arena within a given period for a specific response variable. Bars with

shared letters of the same case are not significantly different from each othegr (Tkk€ D, U =
0.05). Poshoc comparisons have been added between treatment and control halves of the arenas
where there was a significant difference in response with asterisks (*, P<0.05; **, P<0.01; ***,
P<0.0001; Student 6s t ntsldBNtexyposedSrbatmereasd gr ey
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Figure 3.4 Mean percentage ofecaptured larval T. variabileand larval T. inclusumafter 1-
min exposure to control nettingor LLIN in a release-recapture assay

Mean percentage of larval variabile(top panel) and larval. inclusumbottom panel)
recaptured inside the trap (yellow), underneath the trap (gray), on the stimulus half of the
container (red), or the nestimulus half of the container (blue) aftemin exposure to control
netting without insecticide or 0.4% deltamethimcorporated londasting netting (LLIN) in a
laboratory releaseecapture assay under constant conditions in the presence of important
semiochemicals including food (e.g., 0.01 gubieat flour),Trogodermaspp. pheromone (e.g.,
(2)-14-methyl8-hexadecenal) or a negative control without stimuli after 24 h.
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Figure 3.5 Distance moved (x SE) or instantaneous velocity (x SE) by the larval inclusum

after exposure to control netting or to LLIN in the presence of semiochemicals

Distance moved (+ SE, cm) (top panels) or instantaneous velocity (+ SE, cm/s) (bottom panels)
by larvalT. inclusumafter 1 min of exposure to control netting without insecticide or to 0.4%
deltamethririncorporated londasting netting (LLIN) in the presence of food (0.01 g of wheat
flour), Trogodermaspp. pheromone (e.gZ)¢14-methyl8-hexadecenal) or a negative control
without stimuli during a 3@nin movement assay immediately after exposure (left column) or 24
h later (right column). Bars with shared letters are not significantly different from each other
(Tukey
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Figure 3.6 Frequency of entering (= SE), cumulative duration spent in (+ SE) or latency to
finding the treatment stimulus zone or control stimulus zone by larval'. inclusum after
exposure to the control netting and_LIN in the presence of important semiochemicals
Frequency of entering (x SE) (top panels), cumulative duration spent in (+ SE) (middle panels)
or latency to finding (bottom panels) the treatment stimulus zone (blue bars) or control stimulus
zone (gray bars) by larval inclusumafter min exposure to control netting without insecticide
or 0.4% deltamethrimcorporated londasting netting (LLIN) in the presence of important
semiochemicals including food (e.g., 0.01 g of wheat floinggodermaspp. pheromone (e.g.,
(2)-14-methyt8-hexadecenal) or aegative control without stimuli during a 30 min movement
assay immediately after exposure (left column) eh24ter (right column). Capitalized letters
represent multiple comparisons among treatments within the control stimulus zones, while lower
case lgers represent multiple comparisons among treatments in the treatment stimulus zones
within a given period for a specific response variable. Bars with shared letters of the same case

are not significantly dif f er eosthocfcompansoesach ot h
have been added between treatment and control stimulus zones where there was a significant
di fference in response with asterisks (*, P<O

Shaded grey area represents Lidkposed treatmeén
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Semiochemical Treatment
Figure 3.7 Frequency of entering (x SE), cumulative duration spent in (£ SE) or latency to
finding the treatment half or control half of the Petri dish by larval T. inclusumafter
exposure to control netting or LLIN in the presence of important semiochemicals
Frequency of entering (+ SE) (top panels), cumulative duration spent in (= SE) (middle panels)
or latency to finding (bottom panels) the treatment half (light blue bars) or control half (light
gray bars) of the Petri dish by larvialinclusumafter 2min exposure to control netting without
insecticide or 0.4% deltameth+incorporated londasting netting (LLIN) in the presence of
important semiochemicals including food (e.g., 0.01 g of wheat fldtwgodermaspp.
pheromone (e.g.Zj-14-methyt8-hexadeenal) or a negative control without stimuli during a 30
min movement assay immediately after exposure (left column)-bri@er (right column).
Capitalized letters represent multiple comparisons among treatments within the control half of
the arena, whd lower case letters represent multiple comparisons among treatments in the
treatment half of the arena within a given period for a specific response variable. Bars with
shared letters of the same case are not significantly different from each otherTakey, U =
0.05). Poshoc comparisons have been added between treatment and control halves of the arenas
where there was a significant difference in response with asterisks (*, P<0.05; **, P<0.01; ***,

P<0.0001; Student 6s t t5ldNtexyposedFrbaimegrdasd gr ey ar ea
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LLIN exposure suppresses taxis and movement of T. variabile
and T. inclusum in response to food and pheromone cues.
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Figure 3.8 Synthesis schematic of experimental design, materials and methodsd main results from study testing larval
Trogodermaspp. after exposure to control netting or LLIN in the presence ofmportant semiochemicals

Synthesis schematic of experimental design, materials and methods, main results -hochéa&enclusions from manuscript testing
larval T. variabileandT. inclusumafter exposure to control netting or LLIN fomiin then assessing movement using Ethovision or
recapture in commercial pitfall traps in the presence of no stimuli, food cues, or pheromdmegddermaspp.
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Abstract

Stored product insects are highly mobile and present in the landscape and can disperse by
tracking odors of food and pheromones. A novel preventative integrated pest management (IPM)
tactic to intercept dispersing insects of durable commodities (e.gagetioods, flour, bulk
commodities), is a lontasting insecticidencorporated netting (LLIN) containing 0.4%
deltamethrin. However, it is unknown how exposure to the deltamdtased LLIN (LLIN used
thereafter) may affect olfaction and orientatiomntgportant semiochemicals by stored product
insects. In this study, our aims were to evaluate whether exposure to LLIN affected male and
female(or mixed sex) populations dfrogoderma variabilandT. inclusummovement in the
presence of important semiochemicals, including food kairomones and pheromones, including
the major sex pheromone férogodermaspp. (e.g.,4)-14-methyt8-hexedecenal). We

evaluated this with a videtwacking protocol and confirmed volatile emissions with headspace
collection coupledvith gas chromatography and mass spectrometry (GC/MS). Disruption in
movement in this study is taken to mean a significant upregulation or downregulation in response
compared to our netting without active ingredient (control). Distance moved incré#&stedd4

in T. variabileafter exposure to LLIN compared to control netting, while it was reduced by a

third to a half inT. inclusumOverall, out of 40 possible olfactory and taxis patterns which could
be disrupted, exposure to LLIN interrupted 8% of these ifT. inclusumandT. variabilg
respectively, compared to control nettiegposed individuals. Pheromonal stimuli were more
important for males, but food and pheromones were equally important for females. Our research
suggests the use of LLIN may enhance the effectiveness of otherdralgbased

management strategies when used as part of a comprehensive IPM program foiotixégecs

adults.
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Introduction

Insect movement is an ongoing challenge in integrated pest management (IPM)
programs. The movement of insects allows individuals to find essential food resources, mating
and egeglaying sites, and refugi@ian, 2019)After harvest, one of the main purposes of food
facilities is to separate commodities from the environment and prevent, or at least minimize the
movement and dispersal of insects. However, insects that are highly mobile and present in the
landscapdJian, 2019; Scheff et al., 202Xaay still be able to readily immigrate into food
facilities as they track plumes of food cues and pheromones from ongoing infestations (Morrison
et al., 2021; Ca® 2021). As a result, stored product pests can easily attack commodities at each
linkage throughout the poekiarvest supply chain, ranging from storagefanm after harvest to
the end consumer. Thus, it is crucial to understand stored product insedalispelogy and
behavioral response to the odor cues present in food facilities to fedfpdtively manage these
pests and their infestation.

A key component of IPM for food facilities is prevention of infestat®hillips and
Throne, 2010)A novel and successful, preventative IPM tactic to intercept immigrating insects
used in a postharvest setting is the use of-lasting insecticidéncorporated netting (LLIN)

(Wilkins et al., 2021; Ranabhat et al., 2024). Both deltametiased andlpha-cypermethrin

based LLIN have shown direct efficacy against 13 stored product ifidgctsioti et al., 2021;
Morrison et al., 2018; Paloukas et al., 2020; Rumbos et al., 2018; Scheff et al., 2021; Ranabhat et
al., 2024) Other research has found that LLIN is effective against both phospgsistant and
susceptible red flour beeflgibolium castaneun(Herbst) (Coleoptera: Tenebrionidae), and

lesser grain boreRhyzopertha dominicgr.) (Coleoptera: Bostrichida¢Ranabhat et al., 2022)

As aresult, LLIN may be used to cover the doors, windows, vents, cracks or crevices, intake or
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outtake manifolds on processing facilities (McKay et al., 2024), awnings on grain silos
(Ranabhat et al., 2024), pallets in wareho(géitkins et al., 2021)or any other types of

opening to intercept insects as they disperse in and around the food facilities. In addition, LLIN
has been shown to reduce movement and dispersal of stored product insects byfoldltiple
after exposuréMorrison et al., 2018; Wilkins et al., 2021ncluding adults and larvg&Vilkins

et al., 2020)Recent work also found that exposure to LLIN reduced progeny production by
stored product insects in subsequent generafdasken et al., 2021almportantly, prior work
has found that multiple brief exposures with LLIN result in the same mortality and behavioral
effects as a continuous longer dosf@grken et al., 2020bk-inally, research has also evaluated
how brief exposures to both control netting and LLIN may affect upwind movement toward
semiochemicals foFrogoderma granariuniverts (Coleoptera: Dermestidd®omingue et al.,
2021) but further consideration of this topic in more depth is warranted.

Two economically important and cosmopolitan dermestids include the warehouse beetle,
Trogoderma variabildallion, and the larger cabinet beeflepgoderma inclusurheConte
(Coleoptera: Dermestidae). Both of these species are exteealthg pests (e.g., those that feed
on damaged or broken kernels) that infest a variety of products, including durable commodities
at mills and processing plarGhimire et al., 2016; Partida and Strong, 19@S)well as animal
products such as furs, fabrics, and preserved museum or insect specimens (Hagstrum et al.,
2012). Both species are shtivied as adultgPartida and Strong, 1978hd have similar life
histories. Female dermestids are usually larger than male dermestids in size (USDA, 1991).
Mal es of both species have 6 or 7 segmented

segmented (Bousquet, 1990).
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The chemical ecology of adulrogodermaspp. is relatively welknown. For example,
there is a fematproduced sex pheromon&){14-methy}t8-hexadecenal, that was identified as
the major sex component for bdthvariabileandT. inclusum(Cross et al., 1976). Males of
inclusum Trogoderma simpledayne (Coleoptera: Dermestidae), dndariabileexhibited
strong cros&ttraction to female extracts of inclusumT. simplexT. variabile T. granarium
andTrogoderma grassmaiiieal (Coleoptera: Dermiedae)(Vick et al., 1970) Many
Trogodermaspp. share the major component for their pheromone among species within the
genus (Vick et al., 1970; Olson et al., 2013). However, the minor components vary among the
species. The major component is necessary and sufficient to elicit substantiabatbractil
Trogodermaspecies under consideration here. Peak pheromone rele@isednabilefemales
and optimal male response was observed at dawn during the early photophase. On the other
hand, female calling behavior and mating innclusumprimarily took place in the mid
photophaséVick et al., 1973)Not many articles have evaluated whether these pheromones
elicit arrestment, a process in which individuals slow movement and increase turning frequency,
but Morrison et al. (2020) found that they ddlingranariumandT. variabile Baits with food
volatiles such as Storgdfdoil, wheat germ, and dermestid tablets, have all been used as
attractants for dermesti@§lorrison et al., 2020Morrison et al., 2023)

Trogodermaspp. can fly in long dispersal flights to new habitats or within the same
habitat (Campbell and Mullen 2004), but walking is critical for mesa closeange
orientation to pheromone cues. For example, in evaluating the etv@@mbation ofT. variabile,
males responded in less than a second to a puff of female sex pheromone with alert,-antennae
raised posture, and frequent local walking search loops with a constant turn bias (Tobin and Bell,

1986). In a pheromone corridor with wind, malevaiabile oriented upwind by walking
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relatively straight paths with side sweeping motions across the 10 cm corridor (Tobin and Bell,
1986). In the field, groundeployed traps were found to capture many riiongriabilethan

traps deployed higher (Wright and Delvesi, 1994), suggesting they may be accessing the trap by
walking. Thus, at closeange walking is essential for orientation to pheromonal cues by
Trogodermaspp.

Dermestids are often more difficult to control than other stored product insects because
they are more tolerant to the active ingredients that are currently available in stored product
management approach@ampbell and Arbogast, 2004; Scheff et al., 20E6) example, prior
work found that exposure to the novel tactic, LLIN, reduced the movement and reproductive rate
of one of the common dermestids in the WSyariabilg although not as much as other stored
product insect§Gerken et al., 2021; Wilkins et al., 2026jowever, there is not much
information on the orientation and olfaction of dermestids to semiochemicals after exposure to
LLIN. It has been reported that continuous exposure to control netting resulted in a thigmotactic
response by larvae of the khapesetle,T. granariumthat caused reduction in their movement
(Domingue etal.,2021) n t he same study, brief exposures
movement and a disruption in |l arval orientat.

(2024) demonstrated that exposure to TLIN dis

variabileandT. inclusunt owar ds t he i mportant s®.miwathoearticlad
3000 ppm deltamethrin incorporated polymer Ze
found all individuals were knothedsdowntbe bh

h o WHowever, it is unknown what happens when adult dermestids are exposed to LLIN or if
responses vary according to species compared to the control netting. Further, it is possible that

male and female dermestids behave differently in response to the sauig statuding
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conspecific pheromones or food cues after exposure to LLIN, thus it is essential to assess the
behavior of both sexes. Therefore, the aims in this study were to evaluate whether there were
sexbased differences in exposure to LLIN ByvariabileandT. inclusunthrough movement in

the presence of important semiochemicals, including food kairomones and pheromones. We
evaluated this with a videtwacking protocol and confirmed volatile emissions with headspace

collection coupled with gas chromatography arassispectrometry (GC/MS).

Materials and M ethods

Insects

Four to sixweekold T. variabileandT. inclusumwere sexed or mixegex adults were
used for the experiment to mimic natural populations at food facilitregijoderma variabile
andT. inclusumwere obtained from the field in Kansas in 2016 and 2012, respectively. Both
speciesvere fed 300 g of ground dog food (SmartBlend, Lamb flavor, PurinaOne, Nestlé Inc.,
St. Louis, MO, USA) with oats and a moistened, crumpled paper towel on the surface in a 950
ml mason jar. Colonies were maintained at 27.5°C, 65%aRH 14:10 (L:D) h photoperiod. For
both species, adults were sexed based on body size and antennal segments as mentioned above
and they were observed under the stereoscope microscope at betivE@xIfdagnification
(SMZz18, Nikon, Tokyo, Japan).
Treatments

The LLIN in this study consisted of a polyethylene netting (2 x 2 mm mesh, Vestergaard,
Inc., Lausanne, Switzerland) with 0.4% deltamethrin, or control netting without insecticide but
otherwise identical in physical properties, including mesh size andiat@@mposition. These

were used with the movement assay.
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Food and pheromonal semiochemicals

We assessed the movement in the vicinity of important pheromone and food kairomones
after exposure to the deltamethlbased LLINfter) or control netting. Food stimuli included 0.01
g of whole, organic, unbleached flour (Heartland Mills, Marienthal, KA)J&d pheromonal
stimuli consisted of a broad spectrum, mafiecies lure with the sex or aggregation pheromones
for six stored product specieBl¢dia-TrogodermalLasiodermgPTL] lure, IL-10810, Batch#
1288200321, Insects Limited, Westfield, IN), includifrg@godermaspp. pheromone. We
disassembled the lure and used a single bead out of the 15 beads present in each replicate, and
affixed it in place so it did not move in a Petri dish using a 1 x 1 mm square of parafilm followed
the similar procedure as in the studyRé&nabhat et al. (2024Ve used a fresh lure for each
replication of testing.
Movement assay

Singlesex or mixeesex adulfTl. variabileandT. inclusumwere exposed to LLIN and
their behaviors were compared to a those exposed to control netting. Cohorts of 5 adults were
exposed for 1 min to the control net or LLIN affixed to a 24 x 24 cm Petri dish in the laboratory.
Effects on the movement of exposediliéslin response to food cues (using 0.01 g of flour) or
with conspecific sex pheromones as described above were assessed either immediately or after
being held for 24 h in Petri dishes under thmes&nvironmental chamber conditions as the
colonies but without supplemental food, and then assayed using thenadeog combined
with Ethovision videetracking system software (v.14.5 Noldus Inc., Leesburg, VA, USA). Only
alive or affected adults weteacked angblaced in the center of arenas for experiments. We used
the definitions in Ranabhat et al. (2022), but shortly alive adults were defined as moving with

normal speed and activity and able to right themselves if flipped, while affected adhilbiseeix
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sluggish or drunken movements, could not right themselves if flipped, and some or all of their
limbs exhibited twitching. Dead adults showed no signs of movement. The network camera
(GigE, Basler AG, Ahrensburg, Germany) was suspended 76 cm above amedcenés Ssix
replicate 100 T 15 cm (D:H) Petri di sh arenas
box (LPBS3, Litup, Shenzhen, China). Arenas were lined with a piece of filter paper (85 mm D,
Ahlstrom-Munksjo Filtration, LLC, Mt. Holly SpringsPA, USA) adhered with four pieces of
doublesided tape (CHI4050, Permanent, Skillcraft, USA) placed equally on cardinal side of the
arena. A small 1.1 cm hidden stimulus zone encircled each stimulus, midway and centered on
each half of the arena whereirowement was tracked separately from each half of the arena
(Figure4.1). A hidden zone is one in which the system assumes that when a walking insect
enters it, the insect disappears from view and the amount of time it spends within and
frequenting the zonis tracked (Noldus et al., 2002). The advantage of a hidden zone is that it
allows a stimulus to be placed within it without creating artifacts in tracking. A hidden zone can
also double as a normal zone when the insect is visible within the boundaheszohe,

Ethovision assumes that it is on top of it and not inside the zone. In the case of the current study,
the stimulus treatment zone was a hidden zone where either pheromone or food stimuli were
placed so they would not be tracked with the Ethowisioftware, and the control stimulus zone

was left empty. The total distance moved (cm), instantaneous velocity (cm/s), frequency of
entering each half of the petri dish and stimulus zone, cumulative duration spent in each zone (s),
and latency of entergneach zone (s) over a 30 min trial period was logged after exposure to a
given treatment. A 3@nin period was chosen to be comparable with prior data (Ranabhat et al.,
2024). The control side of the arena remained empty. We included the response \@riabdés

distance moved (cm) and instantaneous velocity (cm/s), because they are vstydisdl
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variables, these variables can be compared with the prior work, and they accurately describe
overall patterns in movement that often translate to the field for stored product insects (Morrison
et al., 2018; Wilkins et al., 2020; Wilkins et al., 2021). @tlesponse variables such as
frequency of entering each half of the petri dish and stimulus zone, cumulative duration spent in
each zone (s), and latency of entering each zone were included because they accurately depict
aspects of arrestment and are galeunderstudied but important components of behavior. A
total of 12 16 replicate beetles were run per combination for both species for each combination
of sex or mixed population, species, and treatment.

Headspace collection

Headspace samples were collected to characterize the main component of the PTL lure

relevant for this studylrogodermaspp. sex pheromone was used to determine whether the
emission rate of volatiles produced by the PTL lure was suitable for the experiment, and whether
they were different from background odors in the laboratory. Four 500apécity headspace
volatile chanbers (10.2 x 12.7 cm D: H) (Volatile Collection Systems, Gainesville, FL, USA)
were attached in parallel to four flow meters by polyteteaoethylene (PTFE), chemically inert
tubing (5mm ID). Central air was scrubbed with an activated charcoal filter (Sigma Scientific,
LLC, Micanopy, FL, USA) prior to be controlled to a flow rate of 1 L per min by flow meters. In
each headspace chamben beads of a disassembled PTL lure were added in three chambers
and compared to a negative control consisting of empty headspace chambers to identify whether
emissions were significantly different from background laboratory air. Headspace volatiles were
collected over a 0.5, 3, and-P4period using 7.62 c#ong volatile collection traps with 20 mg
of PorapaeQ (Volatile Collections Systems, Gainsville, FL, USA). The headspace volatiles were

extracted from the volatile collection traps using 1506fidichloromethane into a@L GC vial
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with magnetic screwtop cap, with the solvent pushed through by ingrteaNs . A t ot all
tetradecane (190.5 ng at 99% purity) was added as an internal standard after extraction for
guantification in each of the labeled vials using a microsyringe (Hamilton Company, Inc., Reno,
NV, USA). All volatile collection traps we washed with 700 pl of dichloromethane in
triplicate between uses. All GC vials were with PTFE tape and storg@°a until all replicates
were run together on the G@S. There was total of 6 8 replicates per treatment.
Gas chromatography coupled with mass spectrometry (GC/MS)

All headspace sample extracts were run on an Agilent 7890B gas chromatograph (GC)
equipped with an Agilent Durabond FiPcolumn (30 m length, 258m diameter, and 0.2%m
film thickness) with He as the carrier gas at a constant 1.2 mL/min flow and 39 cm/s velocity,
which was coupled with an Agilent 5977B mass spectrometer (MS) sjugldrupole detector.
The compounds were separated by injectimd. bf each sample under splitless in an inlet
heated to 250°C. The program began at3for 1 min followed byramping by 10C/min to
300 C over 27 min, and subsequently held for 0.5 min. After a solvent delay of 4 min, mass
ranges between 50 and 550 atomic mass units were scanned. The preliminary assignment of
compounds was obtained by comparing sample spectral data with the NIST 1 7hitvagh
deconvolution (see below for more information).
Statistical analysis

Distance moved and instantaneous velocity were analyzed with a linear mixed model,

of

using the run date as a random variable. The frequency, cumulative duration spent in, and latency

to entering control/stimulus zones and control/treatment half zone wéyeethaith a
multivariate analysis of variance (MANOVA) followed by sequential ANOVAs. Assumptions of

normality and homogeneity in variances were checked by inspecting residuals and diagnostic
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plots, and log transformation was used when appropriate. All analyses were run using R software
(R Core Team, 2022), witt=0.05, and Tukey HSD for multiple comparisons.

Disruption in movement in this study was defined as significant increase or decrease in
response to LLIN compared to our control netting (without active ingredient). In order to
evaluate this from typical olfactory and taxis patternsrforariabileandT. inclusumthe ratio
of behavioral response between the treatment zone and control zone was compared in the
presence of either no stimuli, food, or pheromone after LLIN exposure was evaluated with a Chi
squared test for a significant deviance in pattsingithe ratios for the same stimuli found after
exposure to control netting. Thepriori expectations were equal responses or no differences
among the groups.

For the chemical data, the program Unknowns Analysis (Agilent, Santa Clara, CA, USA)
was initially used to automatically integrate and obtain reference hits to the NIST17 library for
any peak in a sample that was at least 2% the height of the largestpisakas all aggregated
into a single CSV file and outputted, then data analysis was further streamlined using the R
packageuafRto spread out data, align all compounds with a greater than 75% reference library
match into a single table for all samplasd obtain emission values in units of internal standard
(e.g., ng of emissions per h) (Stratton et al., 2024). Next, to determine whether PTL lure samples
were significantly different from background laboratory air, a pairwise-Buagis dissimilarity
measure was calculated among all samples, anehmetric multidimensional scaling ordination
was implemented to visualize differences. A total of 1000 permutations were used, and stress
was <0.13, indicating reasonable interpretation from the ordinatiopegssble. In addition, an
analysis of similarity (ANOSIM) was calculated to test for significance in the treatment, again

with 1000 permutations. ANOSIM outputs an R statistic, which represent a direct measure of

161



similarity/dissimilarity, ranging from 0 (ide
extracted the values just for the cumulative emissiong)ef4-methyl8-hexadecenal, which

comprise the major pheromone componenflfanclusumandT. variabile(Cross et al. 1976),

and look at rate of emission of a single bead from above over 3 h or 24 h. Visualizations were
performed inggplot2in R with 95% confidence interval bands calculated for the emission rate

(Wickham et al., 2016).

Results

Trogoderma variabilenovement

No mortality was observed By, variabileover the trial period. The semiochemical
stimuli significantly affected femal€. variabilevelocity (Table4.1, Figure4.2). Specifically,
females increased their velocity by 3.7 to-falél in response to food immediately aftemiln
exposure to LLIN compared to control netting. However, males did not show a significant
difference in the distance moved or velocity afterasxpe to LLIN or control netting although
they displayed a similar pattern as females. @ljghe 4way interaction among treatment,
netting, sex, and posixposure time did not significantly affect the distance and velocity moved
(Table4.1). For mixedsexT. variabile,there was a much more pronounced effect of exposure to
LLIN (Table4.S1 Figure S41). In addition, the interaction between treatment and-post
exposure holding duration significantly affected the distance moved. Exposure to LLIN
significantly reduced the movement towards food and pheromone much more after 24 h
compared to immediately aftekposure by mixedexT. variabile(Table 4.S1Figure S41).
Overall, the pattern of movement for male and feraleariabilewas significantly disrupted by
exposure to LLIN in all of the four possible evaluated patterns (FigRréanels 14),
includ ng for the distance moved and ?=83 dfrt aneou
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2,P< 0. 0001 :;°=488,ldlc@P<¢ yQ. GBOO01) and=986,dh=2Pdi st ance
0.0001; 2v85l60dt=i2P ¥0.0004).
Behavior of T. variabile
Frequency of entering treatment, control stimulus and half zone

Semiochemical treatment, exposure to netting, sex, aneeppssure holding duration
all had a significant effect on the frequency of entries into the stimulus zone or half zone by
singlesex groups of . variabile(MANOVA, Table 4.2). Moreover, the twavay interaction
between semiochemical treatment and netting exposure, and thevdtlyr@geraction including
postexposure holding duration significantly affected the frequency of entries into each zone.
For example, there was a 95&@uction in frequencof entry to the stimulus treatment zone
with pheromone after 24 h compared to the unbaited control after exposure to LLIN by Temale
variabile, but this was not the case immediately after exposure (HdggeAmong femald'.
variabile, exposure to LLIN significantly affected the frequency of entering the stimulus
treatment zone containing pheromone after 24 hoursgxpsisure (Figurd.3). The main
effects of semiochemical treatment, exposure to netting, and sex affected the frequency of entries
into the treatment half of the arena, but importantly there were no significetit @r 4way
interactions among the variables for femélevariabile(Figure S42). The patterns of frequency
of entry to stimuli by femal@. variabilewas significantly disrupted after exposure to LLIN
compared to the contr ol s?=#50rdf+2Pe&0.6001)amlfétrus 2z on
each half of t H=7.02dfee2a<005;Figuret.3)L Formales, these were
no significant differences itne frequencies of entering the stimulus zones immediately after
exposure to LLIN in the presence of semiochemicals (Figdie Nevertheless, after a-2ur

postexposure holding duration, male variabilefrequencies of entering the stimulus treatment
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zone significantly increased after exposure to LLIN compared to control netting (Bigure
The frequency of entering each treatment half of the arena was greater in the presence of food 24
h after exposure to control netting compared to when pheromone was present or when no
stimulus was present, but this effect disappeared when males wwesedxo LLIN Figure S4
3). In addition, the pattern of frequency of entry to stimuli by maleariabilewas significantly
disrupted after exposure to LLIN compdt® the controls for the stimulus zone after 1 min
expos’ Bkl d=s2P< 0.0001) and for each?®=m8bJdf= of t h
2,P< 0. 000 1)2=axn3ddf 22# < 0.00Q1sFiguret4).

For mixedsex groups of . variabile the frequency of entering each zone was
significantly affected by the main effects of pesposure holding duration and netting
(MANOVA, Table4.S2). Additionally, the threavay interaction among semiochemical
treatment, netting, and pestposure holding duration significantly affected the frequency of
entering the stimulus zone by mixsexT. variabile(Table 4.S2Figure S44). A total of 24
hour after LLIN exposure, the frequency of entering the stimulus zoneicioigt pheromone
was significantly reduced by aboufald in comparison to when mixexexT. variabilewere
exposed to the control nettingigure S44). After LLIN exposure at both 1 min and 24 h later,
the frequencies of entries onto each half of the arena in rsiedroups byl. variabilewas
decreased by 466% compared to control nettifigigure S45).
Cumulative duration spent in treatment, control stimulus and half zone

For singlesex groups of. variabile the cumulative duration spent in each zone was
significantly affected by all the model variables, including semiochemical treatment, exposure to
netting, sex, and pesixposure holding duration (Tabde8). The cumulative duration spent in

each zone was significantly impacted by each\ay, threeway, and fowtway interaction
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among those variables (Tal&). For femal€l. variabile exposure to LLIN significantly
reduced the cumulative duration spent in the treatment stimulus zoné928@ompared to
the control netting when in the presence of the unbaited control and pheromone, as well as in the
cumulative duration spent in therdrol stimulus zones by 894% after 1 min (Figurd.3). By
contrast, the cumulative duration spent on each half of the arena was uniform byTfemale
variabile (Figure S42). The pattern of cumative duration spent with stimuli by female
variabile was significantly disrupted after exposure to LLIN compared to the controls for the
stimulus zone and each half 20208 dfh2P<8.000Inas at
arena’=a6 df=2P< 0. 001) but only tRK=e408 dfFdPUl us zo
< 0.0001). By contrast, male variabileincreased the cumulative duration spent in the stimulus
treatment zone in response to pheromone stimuli biplt4after 1 min of gposure to LLIN
compared to control netting (Figu4el). However, after 24 h, cumulative duration spent in
stimulus control zones in the presence of pheromone waklD§reater after exposure to
control netting compared to LLIN (Figuded). Like females, the cumulative duration spent by
maleT. variabileon each half of the arena was relatively eqiajure S43). The pattern of
cumulative duration spent with stimuli by mdlevariabilewas significantly disrupted after
exposure to LLIN compared thé controls for the stimulus zone at 1 min and 24 h later (1 min:
@=7.48,df=2P< 0. 0 52=8%2%, dflx 2P <d.0001) but only the patterns in each half
of the ar edFrad.1Rdf=2P<DB5.er ( G

For mixedsex groups of . variabilg the cumulative duration spent in the stimulus zone
or half zone was significantly influenced by the main effects of@xsosure holding duration,
semiochemical treatment, exposure to netting. Fivayt interaction between all factors

significantly affected the cumulative duration spent in zones by msedr. variabile(Table 3;
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Figure S44). At 1 min after exposure to control netting or LLIN, there was roughly equal
duration spent on each half of the arena by msedrl. variabilg but 24 h after, mixedexT.
variabile spent a greater amount of time on the control half than the treatment half of arenas in
the presence of food and pheromone when exposed to LLIN compared to control Regting (
S45).
Latency to treatment, control stimulus and half zone

For singlesexT. variabile the latency to finding the stimulus zone or each half of the
arena was significantly affected by the semiochemical treatment, exposure to netting,-and post
exposure holding duration (Tablet). Additionally, the tweway interactions of netting by sex
or postexposure holding duration significantly affected the latency to finding each zone (Table
4.4). The latency to the finding the food and pheromone in the treatment stimulus zone by female
T. variabilewas significantly greatehan when the treatment zone had an unbaited control
(Figure4.3). There was a much larger delay in femaleariabilefinding food and pheromone
halves of arenas after exposure to LLIN compared to control neftiggré S42). The overall
pattern of latency to finding stimuli by female variabilewas significantly disrupted after
exposure to LLIN compared to the control for the stimulus zone and each half of the arenas at 1
min (sti nmElA8sdf=z2Pre . 601 ; 2634 mfa2,R<a0.0001) arad 24
h | ater (s’il28udfau2P<z06nb601c *ab2nda=2Ra0.06. &
Directly after exposure to LLIN, the latency to finding all treatments by malariabile
decreased compared to exposure to control netting, while latency to finding treatments in the
stimulus zones stayedlatively constant 24 lafterward(Figure4.4). Unlike females, malé.
variabile quickly found food in the treatment half of arenas after 1 min and 24 h when exposed

to untreated nettig compared to LLIN. The overall pattern of latency to finding stimuli by male
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T. variabilewas significantly disrupted after exposure to LLIN compared to the control for the
stimulus zone and each hal f 20183 tfk2P<d0i0@has at
arena?=a2 df=2P< 0. 0001) but only ed&s3R6E2f of t
P < 0.0001).

For mixedsexT. variabile the main effects of netting and p@stposure significantly
affected the latency to finding the stimulus and each half of the arena. Teapnoteraction
between netting and peskposure also significantly affected the latency to finding each zone
(Table S44). The latency to finding the control stimulus zone was significantseased after 1
min exposure to LLIN in the presence of food and pheromBigeie S44). There was a slight
decrease in the latency to finding the stimulus zones after exposure to control netting compared
to 1 min after LLIN exposure by mixesexT. variabile(Figure S44). Further, the latency to
finding each half of the arena by mixedxT. variabilewas actually increased, especially for
pheromone and food, 1 min after exposure to LLFNj(re S45). In addition, the latency to
finding the treatmendtimulus half (containing pheromone) by mix&ek T. variabilewas
significantly increased 24 h after LLIN exposure compared to control netting expBigune(
S45).

Overall, of 40 possible olfactory and taxis patterns that could be interrupted, exposure to
LLIN interrupted 73% of these ifh. variabilecompared to control netting exposed individuals.
Of the 12 possible olfactory and taxis patterns for ferfalariabile 67% were interrupted after
exposure to LLIN compared to control individuals exposed to netting without insecticide.
Similarly, of the 12 possible patterns for malevariabile 75% of the patterns were significantly

interrupted after brief exposureltbIN compared to controls.
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Trogoderma inclusummovement

No mortality was observed if. inclusunover the trial period. The twavay interaction
between sex and peskposure holding duration significantly affected the distance move by
singlesex groups of . inclusum(Table4.1). FemaleT. inclusummoved 54% less after 24 h
compared to 1 min, while male inclusunonly moved 28% less (Figu#e5). The 4way
interaction among treatment, netting, sex, and-prgosure holding duration did not
significantly affect the distance moved and velocity of shsgeT. inclusum(Table4.1).
Twenty-four hours after exposure to LLIN, the distance moved by the Taatelusumin
response to the unbaited control or pheromone was significantly increasedaog B3old
respectively compared to the control netting (Figu8. For mixedsex groups of . inclusum
exposure to the LLIN significantly affected the distance moved by conspecifics @Table
Figure S46). Finally, for mixedsexT. inclusumthe interactions among the main effects,
including treatment, nettingnd postexposure did not significantly affect the distance or
velocity moved (Tabld.Sl1). Overall, the pattern of movement for male and feralaclusum
was significantly disrupted in half of the four possible evaluated patterns (Bigyurencluding
24 h after exposure to LLIN compared to the controls for the distance moved and instantaneous
vel oci ty?1a.9,dftam<c e0:. 0c0 1 ; 2=24, df € 2Pt 9.001)c
Behavior of T. inclusum
Frequency of entering treatment, control stimulus and half zone

For singlesex groups of. inclusumthe frequency of entering each zone was
significantly affected by all main effects of the factors included in the model (e.g.,
semiochemical treatment, exposure to netting, sex, aneégpssure holding duration).

However, the foutway interaction amonthese factors also significantly affected the frequencies
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of entering each zone (Table2). For femal€l. inclusumthere were significant differences in

the frequency of entering the stimulus zones immediately after exposure to LLIN in response to
food or pheromone compared to the control. After 24 h, there wefiddLiore entries into the
stimulus zone with pheroome by females after exposure to LLIN than by those exposed to
control netting (Figurd.6). Further, the movement by femdleinclusumwas generally

increased, because the frequency of enteringaaor treatment halves of the arena increased

by 5.1 5.9-fold after exposure to LLIN compared to control netting after Z8iduge S47).

Also, femaleT. inclusumincreased the frequency of their entries into each half iyl &7old

after exposure to LLIN compared to control nettir@g(re S47). The overall patterns of

frequency of entry to stimuli by female inclusunwas significantly disrupted after exposure to
LLIN compared to the c¢ 5637 dfl=8P<0®%; Figuddeé)andt i mul u
each hal f ?6.35di=e2Pa&0.65nFayurd S3) 24 h later. For maleinclusum,

the frequency of entering to stimulus zone containing pheromone was slightly higher (but not
significant) when exposed to LLIN compared to control netting and the effect was similar after
24 h (Figured.7). The frequency of malk. inclusunentering the treatment stimulus zone
significantly increased by 2#ld in the presence of pheromone after 1 min of exposure to LLIN
compared to control nettingvhile male number of entries to the treatment half of the arena
increased by 9-8ld when pheromone was present 24 h after exposure to LLIN compared to
control netting (Figurd.7, Figure S48). The patterns of frequency of entry to stimuli by n&ale
inclusumwas significantly disrupted after exposure to LLIN compared to the controls for the
sti mul u’s47z4pdh=e2P € @0001; Figurt7) and each KHad46f6,dbf t he

= 2,P < 0.0001;Figure S48) 24 h later.
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For mixedsex groups of . inclusumthe semiochemical treatment, exposure to netting,
and postexposure holding duration significantly affected the frequency of entering each zone
(Table4.S2). In addition, the twavay interaction of netting exposure by semiochemical
treatment or poséxposure holding duration also significantly affected the frequency of entering
each zone. For the stimulus zones, all the main factors significantly affeetedduencies of
entry (Tabled.&2, Figure S49). Twentyfour haurs after exposure to LLIN, the frequency of
entering both the treatment and control stimulus zone was significantly redligec (S49).
Further, there was a significant reduction in the frequency of entering the treatment stimulus
zone containing food immediately after exposure to LLIN by misexdT. inclusum Twenty
four hours later, the frequency of mixeexT. inclusumentering the stimulus zone containing
food and pheromone was reduced bydred 6fold, respectively.

Cumulative duration spent in treatment, control stimulus and half zone

For singlesexT. inclusumthe cumulative duration spent in the stimulus zone or half
zone was significantly affected by all main effects in the model (MANOVA, TaBle
However, the fouway interaction among all the main factors also significantly affected the
cumulative duration spent in each zone (T&x. For femal€Tl. inclusumthere was a
significant increase by 5fld in the cumulative duration spent in the stimulus zone containing
pheromone immediately after exposure to LLIN compared to those exposed to control netting
(Figure4.6). After 24, there was a significant increase in the cumulative duration spent in the
control stimulus zone in response to plmeooe stimuli after exposure to LLIN compared to
control netting (Figurd.6). For femalél. inclusumjmmediately after exposure to LLIN and 24
h later, the cumulative duration spent in the treatment half zone and control half zone in the

presence of pheromones was significantly different compared to control nEtgnge(S47).
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The pattern of cumulative duration spent with stimuli by femali@clusumwas significantly
disrupted after exposure to LLIN compared to the controls for the stimulus zone and each half of
the arenas at 24 ?2=Hh734,df=8R< (0s.t0i Ondull ; u’sa8t@2pdhae2; h acl f :
P<0.05; Figuret6) but only each hal?f213 fdf=t2R<0.080d;enas af
Figure S47). For maleT. inclusum after 24 h poséxposure holding duration to LLIN, the
cumulative duration spent the treatment stimulus zone containing pheromone stimuli was
significantly increased by i®ld, when exposed to LLIN compared to the control netting
(Figure4.7). MaleT. inclusumwere on the treatment half much more often directly after
exposure to control netting compared to LLIN, where conspecifics were more equally distributed
between the treatment and control halves of the aFégargé S48). Overall, the pattern of
cumulative duration spent with stimuli by mdleinclusumwas significantly disrugd after
exposure to LLIN compared to t h’el49pdht2Pel s f or
0.001) and=4848,dtr 2P al0601; Figuse.7 andFigure S48).

Overall, for mixedsex groups of. inclusumthe cumulative duration spent in each zone
was significantly affected by the twmay interaction of netting and peskposure holding
duration Table S43). Twentyfour hours after exposure, the cumulative duration spent in the
stimulus zone containing food or pheromone was significantly red&ogaré S49). However,
there was a significant increase in the cumulative duration spent in the control stimulus zone in
response to food and pheromone stimuli byd@ 8fold after 24 h poséxposure holding
duration to LLIN as compared to control nettiggure S49). Likewise, 24 h after exposure to
LLIN, there was a large jump in the cumulative duration spent on control halves of ar@nhas by
inclusumcompared to those exposed to control nettiigure S410).

Latency to treatment, control stimulus, and half zone
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Semiochemical treatment, exposure to netting, andgpgrisure exposure holding
duration, as well as the twmay interaction of netting by semiochemical treatment or-post
exposure holding duration, all significantly affected the latency to finding eaehlmosingle
sex groups of. inclusum(Table4.4). However, there was no significant fomay interaction
among the main factors for the latency to finding the semiochemical treatment in the stimulus or
half zone by singlsexT. inclusum Directly afterexposure to LLIN, there was a significant 56%
reduction in the latency to finding the stimulus treatment zone when it contained pheromone
stimuli for femaleT. inclusum(Figure4.6), compared to only a 27% reduction when females
were exposed to the control netting. There were no significant differences in the latency to
finding the semiochemical stimuli in each half of the arena by fematelusumFigure S47).
Overall, the pattern of latency to finding each stimulus by fefhaieclusumwas significantly
di srupted after exposure to LLIN cemdaf=ed t o
2,P<0.001;Figuret6 ) and each hZ%I54.2, dff2Pt<B.@001dat Emiraas ( G
wel |l as for each?=H®9 df=2®k @.00&LFigufetS47y. MakeZ. h ( G
inclusumalso experienced a reduction of 63% in the latency to finding the stimulus zone when it
had pheromone after exposure to LLIN compared to control netting after 24 hours &igure
There were naignificant differences in the latency to finding the semiochemical stimuli in each
half of the arena by malk inclusum(Figure S48). The pattern of latency to finding each
stimulus by mald'. inclusumwas significantly disrupted after exposure to LLIN compared to the
controls for each Ka#ld, dfiecPP<00@0]1;Kiguehvpaswellas 1 mi n
each ar ém388 df&PF< (0c. 0001) and=35l6idimePu®0l)zone ( G

after 24 h.
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For mixedsex groupd . inclusumthe main factors of netting and p@stposure holding
duration significantly affected the latency to finding the semiochemical treatment in each zone
(Table S44, Figure S49 & 4.510). There was no significant thremy interaction among the
main factors of semiochemical treatment, netting, andgqstsure holding duration on for the
latency to finding the treatment in each zone. However, 24 hours after exposure to LLIN, the
latency to finding the treatment in each hathe significantly increased by 284% (Figure S4
10).

Overall, of 40 possible olfactory and taxis patterns that could be interrupted, exposure to LLIN
disrupted 68% of these ih inclusunmcompared to control netting exposed individuals. Of the 12
possible olfactory and taxis patterns for female and 12 for mafelusum67% and 67% of the
patterns, respectively, were disrupted after exposure to LLIN compared to control individuals.
Headspace Collection

There was a significant difference in the composition of headspace spiked with the
pheromone lure compared to our unbaited control (ANOSIM: R = 0.768; Perm =P1800;

0.001; Figuret.8). In addition, the duration of collection had a significant effect on the
cumulative emissions oZjf-14-methyt8-hexadecenal (ANOSIM: R = 0.167; Perm = 10B&;
0.01;Figure49 ) . On av e r'a b bof (B)-18methytShgxad&denal was emitted
over 3 h by 10 beads. Over the study period in the movement assay, 0.6 75 ogpoierma
pheromone was estimated to be emitted by a single bead.

Discussion

Here, we evaluated the behavioral responske géariabileandT. inclusumiwo
important and cosmopolitan dermestids (Hagstrum and Subramanyam 2006), and found in both
cases, that the distance moved, velocity, and general movement (e.g., frequencies of entry) was
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increased after brief contact with deltametHyased LLIN both immediately after exposure and
24 h later for singlesex populations. This effect was more pronounced immediately after
exposure. However, we found when the opposite sex was present, asdrsexppopulations,
movement (e.g., distance moved and velocity) decreased but only after contact with LLIN. This
suggests that the opposite sex may elicit arrestment and that in a realistic setting where both
sexes are present, the ability of dermestigdltado locate food and mates and move towards
them may be impaired. By contrast, in singéx populations, LLIN increased movement in
stored product insect adults, likely as a result of hyperactivity in the nervous system from
pyrethroid uptake given thmode of action.

Importantly, we repeatedly observed patterns of olfaction and taxis disrupted after contact
with LLIN by both male and femal€. variabileandT. inclusum In some cases, changes
elicited behavior that favored each stimulus, and in other cases, it favored control zones.
However, behavioral response was markedly changed by both species in the majority of cases
after exposure to LLIN. Practically, this mayan that individuals cannot respond as reliably to
food cues and pheromones at food facilities aftgrosure to LLIN. This would make
conspecific and heterospecific ability to find commodities and mates more tenuous, and thus less
likely to succeed. Contrary to prior studies which only observed a thigmotactic respdnse by
granariumto netting (Domingue et al., 2021), for example, we found disruption of olfaction
above and beyond response to the physical presence of netting alone. Exposure to LLIN can
impair locating a novel food patch by stored product ingdétsrison et al., 2018; Wilkins et
al., 2021) While several studig$’aloukas et al., 2020; Agrafioti et al., 2021; Scheff et al.,
2021b; Agrafioti et al., 2023; Galan et al., 20B4ye found that there is robust mortality when

stored product insects are exposed to LLIN, Gerken et al. (2021a) alscolfovarthbile
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exposed to LLIN had a lower net reproductive output, suggesting other life history parameters
may also be affected by netting exposure beyond mortality and behavior. Our study adds to the
growing body of literature, suggesting that exposure to LLIN mayrimpt normal olfactory and
orientation processes.

However, we did observe some speapscific patterns of response to the LLIN. For
example, netting affected orientation to olfactory cues preferentiallly. fiaclusummore so
thanT. variabile though both were affected to some extent. The frequency of entries into the
smaller stimulus zone around the food and pheromone was suppressed for both the 1 and 24 h
periods inT. inclusumwhereas increased response to both was exhibitéd\ariabileby 24 h.
Other work has assessed movemeri.ofariabileafter exposure to LLIN on Ethovision, but not
in the presence of olfactory stim@Wilkins et al., 2020h)Those authors found movement was
reduced by about half far. variabileafter a 1 min exposure to LLIN. Less is known about how
T. inclusuntypically responds to netting. If LLIN is deployed at a food facility and either species
of dermestid contacts the netting, it is possible that they would not subsequently be able to locate
food or pheromone sources, potentially hampering dispersal tmadities and/or maténding.

There were also sdinked changes in patterns of orientation to olfactory stimuli after
exposure to LLIN. For example, males were more likely to spend a greater duration of time in
the smaller stimulus zone near the pheromone emissions for both spexigs, this was most
pronounced foll. inclusum Pheromones appeared to be more important to males than they were
for females of both species, who oriented to both food and pheromones equally. Otimdesiex
behaviors byT. inclusumandT. variabilethatwere not included in this study were, but which
have been documented are: female calling, which peaks at 10:00 (Cross et al. 1977), and

differing amounts of VOCs emitted (half the amount of methoixgnytoxime in females than
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males; Alshuwaili 2020). Most of the work-ttate with newer kairomones and pheromones has
occurred with larval dermestids. For example, food cues were more important tolTyoung
variabile larvae, but oldr. variabilelarvae positively responded to both food cues and
pheromonegMorrison et al., 2020)Laboratory trapping assays in the US and Greece found that
youngT. variabilelarvae did not show a preference among multiple baits, while ®lder

variabile larvae preferred baits with both food and pheromone (Gedska et al., 2023)

Trapping field work in Greece has found there is not a strong preference by dermestids among
multiple baits with kairomones and/or pheromones together or @ltoreison et al., 2023)

We confirmed that appropriai@ogodermaspp. sex pheromoneg,){14-methyt
hexadecenal were emitted from the maftecies lure and were not present in the negative
control, even when in close proximity to the musipecies lure.Z)-14-methyt8-hexadecenal
was identified as the major component in bbtlinclusumandT. variabilesex pheromone
emissions, whileK)-14-methyl8-hexadecenal was identified as the major componeht of
glabrumd s e mi((3oss ebah, 4976 he quarantine threat granarium uses both
components in a @28E ratio. While we did not collect food odors, food odors may emit
substantial volatiles and affect stored product insect beh@iallhorst et al., 2024An
important reason to evaluate populations of dermestids onlayssex approach is because
female dermestids, includingy variabile will call during the day, which can strongly influence
the behavior of malegCross et al., 1977and could alter the outcome of an experiment. As a
result, isolating each sex and testing them separately helped us account for this potentially
confounding variable, namely sex. Nonetheless, we did include a+s@xeplopulation, because
at a food facity, there will be a mixture of females and males admixed. Thus, this latter

treatment may be more realistic.
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Under field conditions, markeleaseeandrecaptured . variabilewere found to have
flown an average of 75 m, but up to 508 m outside a food fa@@ynpbell and Mullen, 2004)
At closerange, walking is important farrogodermao locate pheromone sources, and will
make characteristic approaches in pheromone corridiolsn and Bell, 1986)As a result, this
insect can definitely be thought of as an immigration risk to food facilities. There have
sometimes been poor resultshyvariabileto common commercial traps such as the Dome trap
and Box trap (Sakka et al. 2023). Domingue et al. (2020) found frozen extractgyotierma
spp. containing oleic acid were repellent to conspecifics. Moreover, trapping with prior captures
of deadTrogodermaspp. revealed disruption of typical patterns in monitoring traps (Gourgouta
et al. 2021). In addibtin, our study suggests the patterns of olfaction was disturbed after exposure
to LLIN for both sexed and mixedexT. variabileandT. inclusumThis presents another
benefit of using LLIN in and around food facilities. Future work should evaluate the flight
capacity ofTrogodermaspp.(e.g.,Ruiz et al., 2022; Abshire et al., 202Bor example, the
stored product motkphestia kuehnielléZeller) (Lepidoptera: Pyralidae) was found to fly an
average of 2434 km in 24 h, and its flight capacity was affected by the presence of food and
pheromonal stimuli (Abshire et al., 202@verall, our study suggests both sard species
specific patterns of behavioral response after exposure to LLIN in the presence of
semiochemicals. This adds to our knowledge about the sublethal effects of LLIN as it intersects

with the chemical ecologyf estared product insects.
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Figure 4.2 Distance moved (+ SE) or instantaneous velocity moved (+ SE) by female and

male T. variabileafter exposure to control netting or LLIN in the presenceof important
semiochemicals

Distance moved (+ SE, cm) (top panels) or instantaneous velocity moved (+ SE, cm/s) (bottom
panels) by female (light orange) and male (dark blue Bargriabileafter 1 min of exposure to
control netting without insecticide or 0.4% deltamettraised longasting insecticide

incorporated netting (LLINn the presence of important semiochemicals including food (e.g.,
wheat flour),Trogodermaspp. pheromone (e.gZ)t14-methyt8-hexadecenal) or a negative
control without stimuli during a 30 min movement assay immediately after exposure (left) or 24
h later (right). Bars with shared letters are not significantly different from each other (Tukey
HSD, U = gedumbers overtbard represent ratio of female:male response for each
stimulus, and bolded numbers represent significant deviations frisensafound from contrel
netting expoéteasti ,ndl vi dw.ad ) .( ¢
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finding the treatment stimulus zone or control stimulus zondy femaleT. variabile after

Semiochemical Treatment and Netting

exposure to control netting orLLIN in the presence of important semiochemicals
Frequency of entering (x SE) (top panels), cumulative duration spent in (+x SE) (middle panels)

or latency to finding (bottom panels) the treatment stimulus zone (dark orange) or control
stimulus zone (light orange) by femdlevariabileafter min exposure to control netting
without insecticide or 0.4% deltamethifdased longasting insecticidencorporated netting
(LLIN) in the presence of important semiochemicals including food (e.g., wheat flour),
Trogodermaspp. pheromone (e.gZ)¢14-methyt8-hexacdkcenal) or a negative control without
stimuli during a 30 min movement assay immediately after exposure (left)lola2dr (right).

Capitalized letters represent multiple comparisons among treatments in control stimulus zones,
while lower case letters peesent multiple comparisons among treatments in treatment stimulus
zones. Bars with shared letters of the same case are not significantly different from each other

(Tukey HS

D, U = 0.05). Séxpoded tleatments.ytalicizede a
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Figure 4.4 Frequency of entering (z SE), cumulative duration spent in (£ SE), or latency to
finding the treatment stimulus zone or control stimulus zone by malé&. variabile after
exposure to control netting LLIN in the presence of important semiochemicals
Frequency of entering (x SE) (top panels), cumulative duration spent in (+ SE) (middle panels),
or latency to finding (bottom panels) the treatment stimulus zone (light blue) or control stimulus
zone (light green) by malk. variabileafter exposure to control netting without insecticide or

0.4% deltamethribased longasting insecticidencorporated netting (LLIN) in the presence of
important semiochemicals including food (e.g., wheat floLnggodermaspp. pheromone (e.g.,
(2)-14-methyt8-hexadecenal)raa negative control without stimuli during a 30 min movement
assay immediately after exposure (left) oflater (right). Capitalized letters represent multiple
comparisons among treatments in control stimulus zones, while lower case letters represent
multiple comparisons among treatments in treatment stimulus zones. Bars with shared letters of
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Figure 4.5 Distance moved (x SE) or instantaneous velocity moved (+ SE) by female and

male T. inclusum after exposure to control netting or LLIN in the presence of important
semiochemicals

Distance moved (= SE, cm) (top panels) or instantaneous velocity moved (+ SE, cm/s) (bottom
panels) by female (light orange) and male (dark blue Baisclusumafter 1 min of exposure to
control netting without insecticide or 0.4% deltamethrased longasting insecticide

incorporated netting (LLIN) in the presence of important semiochemicals including food (e.g.,
wheat flour),Trogodermaspp. pheromone (e.gZ)(14-methyt8-hexadecenal) or a negative
control without stimuli during a 30 min movement assay immediately after exposure (left) or 24
h later (right). Bars with shared letters are not significantly different from each other (Tukey
HSD, U = iciBed fumbers overtbard represent ratio of female:male response for each
stimulus, and bolded numbers represent significant deviations from patterns found from control
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Figure 4.6 Frequency of entering (x SE), cumulative duration spent in (x SE)r latency to

i

Pheromone

Control Netting

Deltamethrin LLIN

Control Netting

Semiochemical Treatment and Netting

Deltamethrin LLIN

finding the treatment stimulus zone or control stimulus zondy femaleT. inclusum after
exposure to control netting orLLIN in the presence of important semiochemicals

Frequency of entering ( SE) (top panels), cumulative duration spent in (+ SE) (middle panels),
or latency to finding (bottom panels) the treatment stimulus zone (dark orange) or control

stimulus zone (light orange) by femdleinclusumafter exposure to control netting without

insecticide or 0.4% deltameth+based longasting insecticidencorporated netting (LLIN) in

the presence of important semiochemicals including food (e.g., wheat Toogpdermaspp.
pheromone (e.g.ZJ-14-methyl8-hexadecenalor a negative control without stimuli during a 30

min movement assay immediately after exposure (left) dr 2der (right). Capitalized letters

represent multiple comparisons among treatments in control stimulus zones, while lower case
letters represa@multiple comparisons among treatments in treatment stimulus zones. Bars with
l etters

shar

ed

of

t he

same case ar e

not

0.05). Shaded grey area represents L-eKposed treatments. Italicized numbersrdvars
represent ratio of femalkinclusumbehavioral response in the stimulus treatment:control zone,
and bolded numbers represent significant deviations from patterns found from-oettirg

exposed
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Figure 4.7 Frequency of entering (z SE), cumulative duration spent in (£ SE), or latency to

finding the treatment stimulus zone or control stimulus zone by mal&. inclusum after

exposure to control netting LLIN in the presence of important semiochemicals

Frequency of entering (x SE) (top panels), cumulative duration spent in (+ SE) (middle panels),

or latency to finding (bottom panels) the treatment stimulus zone (light blue) or control stimulus

zone (light green) by malk. inclusumafter exposure to control netting without insecticide or

0.4% deltamethribased longasting insecticidencorporated netting (LLIN) in the presence of
important semiochemicals including food (e.g., wheat flolnggodermaspp. pheromone (e.g.,
(2)-14-methyt8-hexadecenal) ax negative control without stimuli during a 30 min movement

assay immediately after exposure (left) oflater (right). Capitalized letters represent multiple
comparisons among treatments in control stimulus zones, while lower case letters represent

multiple comparisons among treatments in treatment stimulus zones. Bars with shared letters of
the same case are not significantly different
grey area represents LLIBkposed treatments. Italicized numbers owes lbepresent ratio of
maleT.inclusumbehavioral response in the stimulus treatment:control zone, and bolded numbers
represent significant deviations from patterns found fromcont®lt t i ng expo%ed i nd
test, U = 0.05).
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Figure 4.8 Non-metric multi -dimensional scaling ordination based on pairwise BrayCurtis
dissimilarity index calculated among samples in a pairwise fashion highlighting differences
by treatment or by collection time of lure
Non-metric multrdimensional scaling ordination based on pairwise Baytis dissimilarity
index calculated among samples in a pairwise fashion highlighting differences by treatment (top
panel) or by collection time of lure (bottom panel). Emissions ffwerpheromone lure were
significantly different than background air
than 0.08.
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