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Long-Lasting Insecticide-Incorporated Netting and Interception Traps at Pilot-Scale Warehouses and Commercial Facilities Prevents Infestation by Stored Product Beetles
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At any point along the post-harvest supply chain, commodities are vulnerable to insect infestation. This is due to a variety of factors, but includes landscape-scale movement of stored product insects to and from food facilities and natural refugia. Long-lasting insecticide-incorporated netting (LLIN) is an innovative tactic that may be used to intercept immigrating insects. LLIN can be used to cover gaps in architecture (e.g., vents, windows, eaves, or over pallets of goods) at food facilities. Another novel approach would be to use LLIN as a kill mechanism in attract-and-kill inspired interception traps on the perimeter of facilities. Furthermore, employing these two LLIN-based approaches together would create multiple protective barriers to reduce infestation in commodities. Therefore, the goal of the current study was to (1) examine the ability of interception traps to capture stored product insects at commercial wheat and rice food facilities, (2) assess whether LLIN deployment method affected efficacy in preventing infestation by stored product insects in pilot-scale warehouses, and (3) determine the success of using LLIN alone, interception traps alone, or both together to prevent infestations. Over 2 years, interception traps deployed for 48-h periods on the perimeter of commercial food facilities captured over 3,000 insects, representing 14 stored product insect taxa. Warehouses deploying LLIN exhibited an 89–93% and 98–100% reduction in insects reaching and progeny production in commodities, even after the release of 3,600 insects of three species over 12 weeks. The combined use of LLIN and interception traps did not improve control above LLIN alone, but this may be because insects could fly unencumbered, highlighting the importance of covering gaps with LLIN on food facilities.
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INTRODUCTION

Stored product integrated pest management (IPM) ideally attempts to holistically combine different management tactics to control insects as commodities are harvested, transported, stored, processed, and marketed to end consumers. At any point along this supply chain, commodities are vulnerable to insect infestation (Kumar and Kalita, 2017). Globally, insect feeding and damage accounts for approximately $100 billion USD in postharvest losses (Wacker, 2018). Stored product insects may also act as allergens and present health hazards in the postharvest environment (Hubert et al., 2018). Thus, developing an effective management strategy to reduce these economic losses is crucial. Fumigation is the most common chemical control tactic once insects have entered and infested commodities, and food facilities, including bulk storage, are routinely fumigated on a calendar basis (Espino et al., 2014). Methyl bromide, historically one of the most common structural fumigants, was banned in 2005 by the Montreal Protocol after being declared an ozone-depleting substance (Fields and White, 2002). Phosphine has remained a commonly used fumigant for product fumigations, but it is highly corrosive against electrical equipment which limits its application for structural fumigations. Meanwhile, insects are becoming increasingly resistant to phosphine worldwide (Zhao et al., 2015; Huang et al., 2018; Schlipalius et al., 2018). On the other side of the post-harvest supply chain, there is a high demand for organic or low-insecticide products by consumers, who are willing to pay a price premium (Batte et al., 2006). Thus, a central drive in stored product IPM has been increasing the efficiency of preventative management tactics to avoid insect infestations, while reducing the need for remedial chemical control tactics.

Insect movement and dispersal in the landscape around food facilities presents a serious challenge to existing chemical control tactics. For example, fumigation only kills insects currently present in a grain mass or structure, but efficacy may be short-lived as insects quickly disperse into the facility from refugia in the surrounding landscape (Roesli et al., 2003; Campbell and Arbogast, 2004). Insect abundance outside storage bins full of grain has been found to be greater than bins that are empty, suggesting that the abundant quantity of commodities in a spatially circumscribed space makes bulk storage and food facilities a strong attractant for insects in the landscape (Vela-Coiffier et al., 1997). Prior trapping studies have indicated high species diversity outside facilities, yet due to the numerous landscape features present and commodities handled, the patchy distribution of these species makes monitoring for them particularly challenging (Semeao et al., 2013a; McKay et al., 2017).

Prior work has made it clear that stored product insects are highly mobile. For example, release-recapture studies have found that Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae) have an average dispersal capacity of 380 m in the field (Ching'oma et al., 2006). Other work documenting dispersal in different landscapes found R. dominica dispersed 337–375 m and were more often recaptured in wooded sites, whereas they typically dispersed 261–333 m in open sites (Mahroof et al., 2010). In Australia, R. dominica was found in traps throughout the landscape, while Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) was localized around grain storage facilities (Daglish et al., 2017). Even where resources are abundant, T. castaneum apparently leaves and returns to the same area, suggesting regular, and frequent exchange of individuals between food facilities and the surrounding landscape (Rafter et al., 2019). Even mites appear able to disperse and distribute well among grain patches (Hubert et al., 2006). Further, pheromone trap captures of T. castaneum outside a food facility were reduced after fumigation treatments, and mark-recapture data found that P. interpunctella (Hübner) (Lepidoptera: Pyralidae) from outside had immigrated inside facilities, further suggesting that inside populations are connected to those outside (Campbell and Arbogast, 2004; Buckman et al., 2013). Additionally, T. castaneum had low genetic differentiation between field and storage facility captures, indicating that populations inside facilities are readily dispersing outside (Ridley et al., 2011). Thus, it appears that insect movement to and from food facilities may be common, and it may occur over long distances.

Even inside a food facility, there may be significant movement of stored product insects. For instance, Trogoderma variabile Ballion (Coleoptera: Dermestidae) is capable of moving between floors and can travel an average distance of 21 m (Campbell et al., 2002). Tribolium castaneum is highly mobile between floors as well, typically moving downward even in a relatively well-sealed facility (Semeao et al., 2013b). Therefore, developing and optimizing methods to intercept these insects as they disperse and move into and around facilities is key for preventative stored product IPM.

Long-lasting insecticide-incorporated netting (LLIN) may be a particularly efficacious tactic for intercepting stored product insects prior to entering food facilities or even halting movement of insects between different parts of facilities, which may contribute to decreased infestation of commodities. Historically, insecticide-treated netting has been successfully used as bed nets to kill mosquitoes and reduce the spread of malaria in tropical regions of Africa (Alonso et al., 1991; Martin et al., 2007). The efficacy of the netting has typically spanned multiple years and is relatively inexpensive to replace (Dev et al., 2010; Hailu et al., 2018). Recent studies in apple production have incorporated LLIN as a kill mechanism in monitoring traps against the invasive Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) (Kuhar et al., 2017; Peverieri et al., 2017).

The netting has also been used as a preventative measure against pests of specialty crops and ornamental trees (Marianelli et al., 2018; Ranger et al., 2020). These studies support the idea that LLIN can be used to intercept insects prior to reaching their destination and causing damage. In a postharvest setting, recent work has shown that LLIN significantly causes mortality of stored product insects, including Lasioderma serricorne (F.) (Coleoptera: Ptinidae) (Rumbos et al., 2018), Sitophilus oryzae (L.) (Coleoptera: Curculionidae) (Anaclerio et al., 2018), R. dominica, T. castaneum (Morrison et al., 2018), T. variabile, and other species (Paloukas et al., 2020), including different life stages (Wilkins et al., 2020). Further, LLIN has been documented to reduce movement and dispersal ability by multiple-fold over long periods even after just brief exposure times compared to untreated netting controls (Morrison et al., 2018). Importantly, only a single field study with LLIN has been performed in the postharvest environment, which showed that an α-cypermethrin-incorporated LLIN could be successfully deployed as a cube encasing tobacco to protect against Ephestia elutella (Hübner) (Lepidoptera: Pyralidae) and L. serricorne (Rumbos et al., 2018). Thus, there has been relatively little semi-field or field research regarding the application method of LLIN for intercepting stored product insects.

There are several possible ways to imagine LLIN being deployed in the post-harvest environment. One method may be to cover external vents and openings on a building, which would provide a large distance between the LLIN deployment location and the commodity. Another deployment method may be as a wrap for a pallet of goods in a warehouse, which would necessitate close contact with the product. A final alternative method may be as a screen on windows, partitions, and doors between different parts of a facility, which may provide an intermediate amount of distance between the LLIN and the commodity. However, to date, no study has assessed whether deployment in these different ways affects LLIN efficacy at preventing infestation and/or progeny production in stored products.

One concern with the use of LLIN at food facilities is that insects that are exposed may be insufficiently dosed to induce knockdown or kill. However, Gerken et al. (2020) found that multiple, brief exposures to LLIN had the same effect on T. castaneum as a single, longer exposure. Thus, this limitation may be potentially circumvented by exploiting kairomones, pheromones, and other semiochemicals to attract stored product insects and help ensure prolonged or repeated exposures (e.g., multiple dosings) to LLIN. However, food facility managers are generally concerned about deploying attractive compounds adjacent to where commodities are stored, so an ideal option would be to include an efficient kill mechanism (e.g., LLIN) and attractive stimuli in an interception trap that can be deployed on the perimeter of the facility to divert immigrating insects from the landscape. An interception trap may provide an added layer of protection to a food facility if used in combination with LLIN on vents and openings along with other ongoing IPM protocols. Previous research has already documented a plethora of volatile compounds that elicit positive responses from multiple stored product species, including T. castaneum, R. dominica, Trogoderma spp., Sitophilus spp. (Coleoptera: Curculionidae), mite, and moth pests (Burkholder and Ma, 1985; Cox, 2004; Wakefield and Dunn, 2005; Balakrishnan et al., 2017; Morrison et al., 2020). These interception traps may function as miniature attract-and-kill (AK) traps, whereby the pest population is attracted to a spatially circumscribed area and removed from the foraging population with a kill mechanism (Gregg et al., 2018). In other agricultural systems, AK traps have been employed to intercept a multitude of pest insect species before they contact valuable specialty crops (Charmillot et al., 2000; Kroschel and Zegarra, 2010; Morrison et al., 2016b, 2019a). Whether used alone or in combination with other control tactics, AK traps may be successful in reducing insect damage to commodities (El-Sayed et al., 2009). AK traps are most efficient when used against small to moderate population sizes (Charmillot et al., 2000; El-Sayed et al., 2009), which is likely the case for diffuse populations of stored product insects in the landscape. As a result, interception traps, like attract-and-kill, may be a strong perimeter management tool that pairs well with other uses of LLIN in food facilities, as part of a comprehensive IPM program.

Therefore, the goal of the current study was to (1) examine the ability of interception traps to capture stored product insects at commercial wheat and rice food facilities, (2) assess whether LLIN deployment method affected efficacy in preventing infestation by stored product insects in pilot-scale warehouses, and (3) determine the success of using LLIN alone, interception traps alone, or both together to prevent infestations.



MATERIALS AND METHODS


Source Insects

Insects used for these experiments were reared in an environmental chamber held under constant conditions (27.5°C, 60% RH, 14:10 L:D). In particular, T. castaneum (field-derived strain from central Kansas in 2012) was reared on 95% organic flour and 5% brewer's yeast, while R. dominica (field-derived strain from north-central Kansas in 2012) was reared on organic whole wheat, and T. variabile (field-derived strain from eastern KS in 2016) was reared on ground dog food (Lamb & Rice, Purina One, St. Louis, MO) and whole grain oats with a crumpled, damp paper towel placed on the surface of the diet in 828-ml containers filled two-thirds full with diet. For the assays below, 1–8-week old individuals were used.



Interception Trap Attractant Assessment


Potential Attractants for Inclusion in Interception Trap

A suite of potential attractants was tested in the laboratory in order to determine which were the most promising for inclusion in an interception trap to deploy at the perimeter of commercial food facilities. The behavioral response of T. castaneum and R. dominica to two kairomones and one commercial pheromone lure was assessed in two separate assays. Trogoderma variabile was not used in these assays because of their strong startle response. In particular, dried distiller's grains with solubles (DDGS) was included as a kairomone, because prior research has suggested it is attractive to T. castaneum (Fardisi, 2015). Wheat germ oil has also been found to be attractive to stored product insects (Nara et al., 1981; Phillips et al., 1993), as have a variety of commercial lures (Morrison et al., 2020). Thus, the specific treatments included: 0.76 g of dried distillers' grains (DDGS), 950 μl wheat germ oil (WGO), and one, two, or three Stored Product Beetle tab lures (SPB tab; a broad-spectrum attractant for 20 species of stored product beetles, IL-2800-10, Insects Limited, Westfield, IN, USA) and were tested in the wind tunnel and release-recapture assays as described below. Based on the results from these two issues, the most attractive stimulus was chosen for final inclusion in interception traps for the field-based assay.



Interception Trap Lures: Wind Tunnel Assay

To assess attraction among potential interception trap attractants, a laminar flow wind tunnel assay was conducted in an environmental chamber set at constant conditions (25°C; 65% RH). Either DDGS, WGO, or a single SPB tab were placed in a 100 mm × 10 mm petri dish without a lid and located 13.5 cm upwind of a 21.6 cm × 27.9 cm release arena. An empty dish with no attractant was designated as the negative control. A single adult insect was released in the center of the arena and given 2 min to exit the arena. Insects leaving on the edge of the arena closest to the stimulus source (e.g., upwind edge) were denoted as a positive stimulus response, while insects exiting from one of the other three sides of the arena were denoted as a non-stimulus response. Insects that did not exit the arena within the allotted time were excluded from the analysis. For each treatment, there were a total of n = 30 replicate individuals tested.



Interception Trap Lures: Release-Recapture Assay

To evaluate whether the deployment of the attractants above would result in higher captures in a trap, we employed a release-recapture assay conducted in large walk-in environmental chambers under constant conditions (4.88 × 5.81 × 2.43 m; 25°C, 65% RH, 16:8 L:D). Treatments were placed in commercial pitfall traps (e.g., Storgard® Dome™ Trap, Trécé Inc., Adair, OK). An empty trap acted as a negative control. For T. castaneum, four pitfall traps were placed equidistant along the perimeter of the chamber. A total of 300 T. castaneum adults (1:1 M:F) were removed from colony jars 24 h before release and allowed to settle in an 8 × 8 cm square of corrugated cardboard. The following day, the cardboard refuge was placed in the center of the chamber and the adults were given 24 h to respond to the traps. The number of insects captured per trap treatment was recorded. There were a total of n = 8 replicates per treatment. Because R. dominica are not as mobile (e.g., Morrison et al., 2018), an altered release-recapture assay was performed as follows. In the same large walk-in chambers, each treatment was placed in a large individual plastic bin (86.3 × 39.4 × 30.5 cm L:W:H; Sterilite Corp., Townsend, MA, USA) whose bottom surface had been systematically scuffed up with sandpaper to allow for easy movement by insects. R. dominica adults were pulled from colony jars 24 h prior to the beginning of the experiment and allowed to settle in an 8 × 8 cm square of cardboard. A single pitfall trap was placed in a randomized opposite corner from where 20 R. dominica adults (mixed sex) were released. The adults were given 24 h to respond to the trap, and at the end, the number of insects captured by each trap was recorded. A total of n = 2 replicates with all treatments represented were run at a time, and over the course of the experiment there were a total n = 12 replicates per treatment.



Dose-Dependency in Attraction to Stimuli in Interception Trap

Following the assessment of attractants above, the SPB tab was deemed the most attractive lure for T. castaneum and R. dominica and a strong candidate for use as the primary attractant in interception traps. A follow-up experiment was conducted to assess whether increasing the number of SPB tabs would result in a dose-dependent increase in attraction by stored product insects to interception traps. For these assays, one, two, or three SPB tab lures were incorporated into petri dishes (wind tunnel assay) or commercial pitfall traps (release-recapture experiment) as described above. There were n = 30 replicate individuals tested for each treatment and species in the wind tunnel assay, and there were n = 24 replicates per treatment and species for the release-recapture assay.




Field Interception Trap Assay

To understand whether interception traps could be developed to prevent insects from immigrating into food facilities, spillage traps from prior work (e.g., Campbell et al., unpublished data) were constructed and modified as follows. The spillage traps (henceforth termed interception traps or AK-based interception traps) were constructed with PVC pipe (5 cm length × 5.2 cm I.D.) and filled with 60 g of crimped wheat kernels (Kansas) or a mixed variety of brown rice (Arkansas) as a kairomone source. These kairomonal sources were included, based on prior work describing them as attractive (Phillips et al., 1993), and to provide a refuge so as to increase retention of insects in traps. LLIN (0.4% deltamethrin-incorporated, Vestergaard-Frandsen Inc., Lusanne, Switzerland) or control netting without insecticide acted as the kill mechanism in the interception traps. Prior work has shown that the LLIN remains effective in excess of 12 months (Scheff et al., unpublished data). The attractant included in the interception traps was a single SPB tab (based on prior laboratory assays) placed on the surface of the grain mass. Two pieces of perforated metal plates held together by a screw, washer, and wingnut were arranged on both openings of the PVC pipe to hold in the grain (Figure 1). Two pieces of control netting or LLIN (6.4 cm diameter) were placed between the metal plates and the openings of the PVC pipe. Both the netting (2 mm I.D.; 49 holes/cm2) and perforated metal plates (2 mm I.D.; 9 holes /cm2) had openings large enough for insects from the surrounding refugia to enter the trap. Each trap corresponded to one of four treatments: control netting only (no insecticide) without attractant, control netting with attractant, LLIN only without attractant, LLIN with attractant. These four treatments made up one transect, and three transects were placed around the perimeters of each of the six food facilities in Kansas (n = 3) and Arkansas (n = 3) (Table 1). Traps were left out for 48 h, then retrieved, and the number of stored product insects found in each trap and their health conditions (alive, affected, or dead) were recorded according to prior definitions in the literature (Morrison et al., 2018). In brief, alive were individuals consisted of those walking unimpeded, able to right themselves, while dead individuals were those completely motionless even after prodding; affected individuals fell between these two extremes. Trapping occurred roughly once every 2 weeks from 17 August 2018 to 21 September 2018 and 25 April 2019 to 18 September 2019 in Kansas, and from 31 May 2019 to 30 September 2019 in Arkansas. There were a total of n = 8–12 deployments at each site. In some cases, trapping dates were altered to account for adverse weather conditions. All captured stored product insects were individually placed on 20 g of fresh wheat or brown rice, held at the above environmental chamber conditions, and their health condition was recorded a week later. The original wheat in the trap was held for 6 weeks under the same conditions and checked for progeny production by any stored product insect species.


[image: Figure 1]
FIGURE 1. Exploded-view picture of interception traps (top), and field-deployed interception trap (bottom). In order from left to right, each trap included a screw (to hold all parts together), a bottom perforated metal plate, a piece of netting (control or LLIN), cut PVC pipe holding 60 g of whole wheat kernels as kairomone and SPB tab lure, a second piece of netting, a top perforated metal plate, and a washer and wingnut on the end of the screw to tightly hold each piece together (top). Interception trap assembled and deployed in the field (bottom).



Table 1. Summary of field sites used for the interception trap assay in 2018 and 2019 in Kansas and Arkansas, USA.
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Pilot-Scale Warehouse Trial 1: LLIN Deployment Assay

To understand whether the method by which LLIN was deployed affected subsequent commodity infestation and progeny production, pilot-scale warehouses (5.85 × 2.81 m) in Manhattan, KS were used. The temperature of the warehouse was monitored with a datalogger (HOBO UX-100, Onset Computers, Bourne, MA) at hourly intervals, with average temperature and RH at 24.5 ± 0.13°C and 62.3 ± 0.57%, respectively, during the course of the experiment. At the far end of the warehouse against the back wall, a commodity consisting of a mixture of 210 mL organic, whole wheat kernels and 210 mL of organic, unbleached flour was placed in a lid-less plastic container (14 × 24 cm) with eight holes (0.32 cm diameter) drilled and equally placed around the bottom circumference of the container to allow for insect dispersal into the commodity. A total of 100 individuals each of T. castaneum, R. dominica, and T. variabile were released at the opposite end of the warehouse (~5.25 m away). There were n = 12 replicate releases per treatment from 26 April 2019 to 16 August 2019, comprising a total of 3,600 released insects.

There were four LLIN deployment methods that were tested (Figure 2). In the “hanging” treatment, LLIN (2.72 × 2.41 m) was affixed to the warehouse ceiling and allowed to hang down to the floor, completely bisecting the room. This represented deployment of LLIN to partition two areas of a food facility, or as a screen for doors and windows. In the “cover” deployment method, LLIN was directly laid over the commodity, representing LLIN application on a pallet as a wrap to protect final products. In the “pipe” deployment method, a PVC pipe (91 cm length, 5.1 cm I.D.) was bisected halfway with LLIN to represent insects immigrating into a food facility through small openings such as vents, eaves, or crevices. These were compared with a control that used the same PVC pipe design, but without netting. For the pipe treatments, insects were released directly into one end of the pipe, and the release end was sealed off with parafilm. For the hanging and cover treatments, insects were released at an identical location but on the floor of the warehouse, 0.5 m away from the netting.


[image: Figure 2]
FIGURE 2. Schematic of the designated recapture zones inside the pilot-scale warehouses where insects were released (top, left) in the LLIN Deployment Assay. Insects were released in Zone 6, given 72-h to travel across the warehouse through Zones 2–5, and collected in the commodity (Zone 1). Outside habitus image of the pilot-scale warehouses used for the LLIN and interception trap deployment assays (bottom, left). Treatments are schematically represented on the right, showing the three LLIN deployment methods for Trial 1, including a control treatment with no LLIN. The red lines indicate deployment of LLIN.


Insects were given 72 h to disperse across the warehouse to the commodity. After this period, insects were collected by pre-designated zones in the warehouse (Figure 2). The zones were noted respective to the location of the commodity, and included Zone 1 (inside the commodity), Zone 2 (0.5 m radius around commodity), Zone 3 (1 m radius around the commodity), Zone 4 (1–2.7 m), Zone 5 (2.7–4.5 m; approx. halfway), and Zone 6 (4.5 m−5.6 m, e.g., the release zone). For statistical analysis and discussion, the zones were reclassified as in commodity (e.g., Zone 1), partial dispersal (Zones 2–5), and no dispersal (Zone 6). The insects were retrieved, and then brought back to the lab where their health condition was assessed as alive, affected, or dead. The commodity was sieved (#10 sieve, 2.0 × 2.0 mm mesh, W.S. Tyler, Mentor, OH; then #25 sieve, 0.71 × 0.71 mm mesh, Fisher Scientific Co., Hampton, NH) for adult insects, whose number and health condition were recorded. The commodity was held for 6 weeks after deployment under the previously described environmental chamber conditions to evaluate progeny production. The species and health conditions of the progeny were recorded.



Pilot-Scale Warehouse Trial 2: Combined Use of LLIN and Interception Traps

The final assay in this study also occurred in pilot-scale warehouses as described above and was intended to evaluate the efficacy of LLIN deployment and interception traps (as described in section Field Interception Trap Assay) alone or together. There were four treatments in total applied to warehouses for this experiment: LLIN alone, AK-based interception trap alone, both together (AK + LLIN), or neither (e.g., a control treatment that had no netting or interception trap) (Figure 3). The zones were similar to the descriptions above, but a Zone 7 was introduced which described insects captured inside the interception traps (Figure 3). For analysis, the zones were collapsed to their new definitions as above (e.g., in commodity, partial dispersal, no dispersal). White butcher paper was affixed to the floor of the warehouse to encourage mobility of the insects. To simulate the inside and outside environment of a food facility at a single warehouse, two wooden planks (1.7 m long) projected into the warehouse from the two corners of Zone 6 at a 50° angle in a funnel arrangement, leaving a 10 cm-wide gap between them in the center of the warehouse floor (Figure 3). No netting (e.g., control, or AK alone) or LLIN (for LLIN alone, or AK + LLIN) bridged the two wooden planks to create an unprotected or protected entrance for released insects to pass through. The boards were affixed to the floor and fluon (polytetrafluoroethylene, MilliporeSigma, Burlington, MA) was applied to the vertical sides of the wooden planks to prevent circumventing the netting by climbing insects. This presents a realistic scenario of an imperfectly sealed food facility, because flying insects in the experiment could circumvent the LLIN. In the interception trap-only treatment and treatment with both tactics, the interception traps (as described above with LLIN, whole wheat grain, and SPB tab lure) were placed 0.76 m in front of the simulated entrance, giving the insects the option to enter the warehouse or be diverted to the interception trap, as may happen under field conditions. For each treatment, insects were released in the two corners of Zone 6, approximately 1.5 m from the netting, and given 72 h to reach the commodity. Afterwards, the insects were collected by zone and their health condition was recorded. There were n = 12 replicate releases per treatment from 23 August 2019 to 8 November 2019. As in the previous assay, the commodity was sieved for adults and held for 6 weeks to check for progeny production.


[image: Figure 3]
FIGURE 3. Schematic of the designated recapture zones inside the pilot-scale warehouses where insects were released in Trial 2 (the combined AK and LLIN Assay), including a Zone 7 for the interception trap deployment (top, left). Insects were released “outside” the warehouse in the two corners of Zone 6, given 72-h to travel “inside” the warehouse through Zones 2–5, and collected in the commodity Zone 1 Two wooden planks acted as a funnel for the insects to enter inside the warehouse; the gap (see arrow) between the two planks was the point of entrance with control netting (without insecticide) or LLIN bridging the gap between the two planks (bottom, left). Treatments are schematically represented on the right, showing the three LLIN and interception trap deployment methods for Trial 2, including a control treatment with no LLIN or interception trap. The red lines indicate deployment of LLIN.




Statistical Analysis

A generalized linear model with exit edge (stimulus or non-stimulus) for the wind tunnel or percentage of adults recaptured in the release-recapture assay was used as the response variables. Models were checked for overdispersion, which was found to be a problem, thus a quasibinomial (wind tunnel) or quasipoisson (release-recapture) with a logit-link function was used as the underlying distribution. The R package multcomp was used for multiple comparisons with a call to the glht function (Bretz et al., 2010). R software was used for this and all analyses (R Core Team, 2019) with α = 0.05, unless otherwise specified.

The total captures from interception traps were expressed as a percentage of total captures and compared using a χ2-test with a Bonferroni correction to the α-threshold for significance. These were based on the main explanatory factors, including year (2018 or 2019), state of collection (KS or AR), interception trap configuration (LLIN only, Ctrl only, LLIN + lure, and Ctrl + lure). The null hypothesis assumed equal percentages among levels within categories. If preliminary analysis indicated no significant differences between years or states, the data were collapsed for the final analysis.

The number of adults found in each collapsed dispersing zone (in commodity, partial dispersal, and no dispersal) from the LLIN deployment assay were analyzed with a multivariate analysis of variance (MANOVA) using the health status (alive, affected, or dead) and treatment (control, hanging, cover, or pipe) as fixed, explanatory factors. Release date was used as a random blocking variable. Upon a significant result from the overall model, sequential ANOVAs were performed with the same model structure followed by Tukey HSD for multiple comparisons. In addition, a generalized linear model based on a quasipoisson distribution (to account for overdispersion) was used to determine changes in progeny production among the LLIN deployment treatments, followed by Tukey HSD upon a significant result from the overall model for multiple comparisons. The data from the combined tactic assay was analyzed in a similar manner with the exception of using tactic (LLIN alone, interception trap alone, both, or neither) as a fixed explanatory variable. Inspection of residuals and quantile-quantile plots confirmed that there were no significant deviations from normality or homogeneity of variances for normality-based tests.




RESULTS


Interception Trap Lures: Wind Tunnel Assay

In the wind tunnel, lures had a significant effect on attraction by T. castaneum (χ2 = 27.5; df = 3; P < 0.0001), with 2.2-fold more adults exiting on the stimulus edge of the SPB tab than for the negative control (Figure 4). Fewer than 3% of the tested T. castaneum did not respond and had to be excluded from the statistical analysis.
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FIGURE 4. The percentage of T. castaneum (top) and R. dominica (bottom) exiting the release arena on the stimulus (upwind) edge in a wind tunnel assay. These stimuli included dried distillers' grains with solubles (DDGS), wheat germ oil (WGO), the commercial lure Stored Product Beetle Tab (SPB Tab), and ambient air (Ctrl). Bars with shared letters are not significantly different from each other (χ2-tests, Bonferroni correction).


Similar to T. castaneum, the lures had a significant effect on attraction by R. dominica in the wind tunnel (χ2 = 27.1; df = 3; P < 0.0001). In particular, the SPB tab resulted in 2.2-fold more R. dominica adults exiting on the stimulus edge compared to the negative control (Figure 4). Fewer than 20% of the tested R. dominica did not respond and had to be excluded from the statistical analysis.



Interception Trap Lures: Release-Recapture Assay

Likewise, the traps baited with different lures had a significant effect on recapture of T. castaneum (χ2 = 24.8; df = 3; P < 0.0001), with the SPB tab-baited traps capturing 2.8-fold more adults in the release-recapture experiment than control traps (Figure 5). The same pattern was observed for R. dominica, where traps with lures had a significant effect on recapture of conspecifics (χ2 = 54.3; df = 3; P < 0.0001), and the greatest recapture was in traps baited with the SPB tab lure (Figure 5). Based on the results from the wind tunnel and release-recapture, we used the SPB tab lure for all subsequent assays with the interception traps.
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FIGURE 5. The percentage of T. castaneum (top) and R. dominica (bottom) captured in Trécé Storgard Dome® pitfall traps in a release-recapture assay. Each dome trap contained the dried distillers' grains with solubles (DDGS), wheat germ oil (WGO), the commercial lure Stored Product Beetle Tab (SPB Tab), or ambient air (Ctrl). Bars with shared letters are not significantly different from each other (Tukey HSD, α = 0.05).




Dose-Dependency in Attraction to Stimuli in Interception Trap

When including the negative control with no lures, the number of lures significantly affected attraction by T. castaneum (χ2 = 13.6; df = 3; P < 0.01) and R. dominica (χ2 = 30.8; df = 3; P < 0.0001) adults in the wind tunnel. In particular, between the negative control and a single lure, there were 1.5 and 2.2-fold increases in attraction by T. castaneum and R. dominica, respectively (Table 2). Importantly, there was no statistically significant benefit of adding additional lures beyond a single one (Table 2). Fewer than 1% of the T. castaneum and fewer than a third of the R. dominica were considered non-responders.


Table 2. Assessing lure number-dependent attraction to Stored Product Beetle (SPB) tab lures in the wind tunnel by individuals exiting on the stimulus edge of the arena and recapture in traps in a release-recapture assay by T. castaneum and R. dominica adults.

[image: Table 2]

Likewise, the number of lures had a significant effect on capture of T. castaneum (χ2 = 9.07; df = 3; P < 0.05) and R. dominica (χ2 = 10.0; df = 3; P < 0.05) in baited traps in a release-recapture experiment. There were 3-fold and almost 6-fold more T. castaneum and R. dominica adults captured, respectively, in traps baited with a single lure compared to no lures. Importantly, there was no significant benefit from adding more lures to a trap (Table 2).



Field Interception Trap Assay

Captures of stored product insects in interception traps at the perimeter of facilities were significantly different by state (χ2 = 6.55; df = 1; P < 0.05). Thus, each state was analyzed separately for the main analysis. However, there was no significant effect of year on captures in interception traps (χ2 = 0.82; df = 1; P = 0.37), as a result the sampling years were collapsed for the final analysis. In total, over 3,000 insects were collected over the 2 years, representing 14 stored product insect taxa (Table 3). The interception trap configuration had a significant effect on captures in both Arkansas (χ2 = 46.6; df = 3; P < 0.0001) and Kansas (χ2 = 94.5; df = 3; P < 0.0001; Figure 6). In Arkansas, there were 2.5- to 2.8-fold more stored products insects captured in interception traps with lures than without lures, while there were 89- to 100-fold more insects in Kansas interception traps. The use of LLIN appeared not to impede the colonization of traps by stored product insects. From 2018 to 2019, there were 20 weeks of insect captures, with average numbers of captures more variabile on a week-to-week basis in Arkansas than Kansas (Supplementary Figure 1).


Table 3. The community composition of stored product arthropods captured in interception traps deployed from 17 August 2018 at three sites in KS, and from 25 April 2019 to 18 September 2019 at three commercial sites in KS and 31 May 2019 to 30 September 2019 at three commercial sites in AR.
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FIGURE 6. Mean (±SE) number of stored product insects captured by interception configuration. Traps were deployed for 48-h periods once every other week at six sites during 2018 and 2019 in in Kansas (top) and Arkansas (bottom) at commercial food facilities. Treatments included interception traps (1) with control netting and no lure (Ctrl), (2) control netting + SPB Tab (Ctrl + Lure), (3) with LLIN and no SPB Tab (LLIN), (4) with LLIN + SPB Tab (LLIN + Lure). Bars with shared letters are not significantly different from each other (χ2-tests, Bonferroni correction).


Progeny production after 6 weeks in interception traps by stored product insects after capture was significantly different by state (χ2 = 8.33; df = 1; P < 0.01), so each was analyzed separately for the final analysis. Sampling year did not significantly affect progeny production in interception traps (χ2 = 3.83; df = 1; P = 0.06), thus year was collapsed for the final analysis. The configuration of the interception trap significantly affected progeny production for those deployed in both Kansas (χ2 = 93.0; df = 3; P < 0.0001), and Arkansas (χ2 = 33.2; df = 3; P < 0.0001). In Kansas, deployment of LLIN reduced progeny production by 99% in traps with stimuli compared to when control netting was used that lacked insecticide (Figure 7). In Arkansas, LLIN deployment in interception traps reduced progeny production by 57% in traps with lures compared to when interception traps contained control netting.


[image: Figure 7]
FIGURE 7. Mean number progeny (±SE) produced by stored product insects ovipositing prior to succumbing to the treatments after 6 weeks from grain inside traps deployed for 48-h periods once every other week at six sites during 2018 and 2019 in in Kansas (top) and Arkansas (bottom) at commercial food facilities. Bars with shared letters are not significantly different from each other (χ2-test, Bonferroni correction).




Pilot-Scale Warehouse Trial 1: LLIN Deployment Assay

Overall, the deployment of long-lasting insecticide netting in pilot-scale warehouses had a significant effect on the percentage of insects that were able to disperse (Table 4 and Figure 8). The released insect species also affected dispersal (Table 4). Warehouses that employed LLIN demonstrated an 89–93% reduction in the number of insects making it to the commodity compared to the control warehouses, which lacked LLIN. There was a significant interaction between treatment and species type, with far more T. castaneum infesting the commodity in controls, and more individuals partially dispersing in the hanging and pipe deployments than either of the other two species.


Table 4. Statistical model results for recapture of individuals in the commodity, partially dispersing, and not dispersing in Trial 1 examining efficacy of LLIN deployment method in a pilot-scale warehouse release-recapture assay deployed in 2019 in Manhattan, KS.
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FIGURE 8. Mean (±SE) percentage of 100 T. castaneum (light blue bars), R. dominica (pink bars), and T. variabile (dark blue bars) adults released in pilot-scale warehouses in Manhattan, KS during 2019 recaptured after 72 h for Trial 1 to assess relative efficacy of different LLIN deployment methods. Individuals were recorded as not dispersing (Zone 6, top row), partially dispersing (Zones 2–5, second row), infesting the commodity (Zone 1, third row), or producing progeny after a 6-week holding period (bottom row). Deployment methods included: Cover—covering the commodity directly with LLIN, Hanging—a single piece of LLIN bisecting the warehouse, Pipe—a piece of LLIN bisecting a PVC pipe with adults released in the pipe, and Ctrl—no deployment of LLIN. Bars with shared letters are not significantly different from each other (Tukey HSD, α = 0.05).


A sequential ANOVA indicated that species significantly affected the percentage of insects reaching the commodity (Figure 8). In particular, there were 33-fold more T. castaneum that made it to the commodity than either R. dominica or T. variabile. In addition, while the treatment did not have an overall effect, there was a significant species by treatment interaction (Table 4). Regardless of method, deployment of LLIN resulted in an 88–94% reduction in the percentage of T. castaneum making it to the commodity, while it had no significant effect for the other two species, which both had uniformly low success in reaching the commodity regardless of treatment.

By contrast, species did not significantly affect the number of insects partially dispersing, but the LLIN deployment method did (Table 4). There were 60–74% fewer individuals that partially dispersed across the pilot-scale warehouse in the hanging and pipe deployment of LLIN compared to the control without LLIN and the cover treatment. The cover treatment likely did not have as much impact on individuals partially dispersing because it was located so close to the commodity (e.g., far from the release point of the insects). Further, there was a significant interaction between species and LLIN deployment method (Table 4). The hanging and pipe deployment of LLIN reduced the percentage of partially dispersing R. dominica and T. variabile by 89–96% and 78–98%, respectively, while it increased the percentage of partially dispersing T. castaneum, a much stronger walker, by 152–160% (Figure 8).

Species, LLIN deployment method, and the interaction between the two all significantly affected the percentage of insects that did not disperse. There were 2.2- to 2.3-fold more R. dominica and T. variabile that did not disperse compared to T. castaneum. Furthermore, there were 20–72% more individuals that did not disperse across the pilot-scale warehouse in the hanging and pipe deployment of LLIN compared to the control without LLIN, likely because the release point was so close to the plane of deployed LLIN. Additionally, the cover treatment allowed a greater number of individuals to disperse, because the LLIN was located so close to the commodity (e.g., far from the insect release point in the warehouse), with 1.5–2.1-fold more individuals dispersing compared to the hanging and pipe treatments. The LLIN deployment method had a much stronger effect on the percentage of T. castaneum that did not disperse compared to either R. dominica or T. variabile.

The LLIN deployment method significantly affected progeny production 6 weeks after bringing the commodity back to an environmental chamber from the pilot-scale warehouse (Table 4 and Figure 8). Warehouses that deployed LLIN had a 98–100% reduction in T. castaneum progeny production compared to control warehouses without LLIN (χ2 = 21.4; df = 3; P < 0.0001). The only appreciable number of progeny from the commodities was from T. castaneum, but was confined to the controls (Figure 8). There were no significant differences between the three types of LLIN deployments, suggesting that infestation and contamination of commodities could be reduced through multiple different LLIN application methods.



Pilot-Scale Warehouse Trial 1: Health Conditions After Exposure

Overall, the MANOVA indicated that treatment, species, and their interaction had a significant effect on the percentage of affected insects recaptured throughout a warehouse (Table 4). However, neither the species, LLIN deployment method, nor their interaction significantly changed the percentage of affected individuals in the commodity. In addition, the released species did not significantly alter the percentage of affected individuals found to be partially dispersing in the warehouse, but the LLIN deployment method and its interaction with species did (Table 4). For instance, there was a 44% reduction in the percentage of insects partially dispersing when LLIN was deployed in the pipe treatment compared to the control treatment. However, species responded differently to the LLIN deployment method, with the percentage of partially dispersing R. dominica reduced by 7.7–9.3-fold compared to controls without LLIN, while partially dispersing T. castaneum and T. variabile increased by 9–15 and 3–5-fold.

The LLIN deployment method, species, and their interaction significantly changed the number of individuals that did not disperse in pilot-scale warehouses that were affected (Table 4). There were 8–13-fold more affected individuals among the insects that did not disperse in the pipe and hanging LLIN deployment compared to the control, likely due to the proximity of treated netting to the release location. On average, 1.4-fold more R. dominica did not disperse compared to either of the other two species. The interaction between the two variables was likely quantitative, as there were 5–7, 20–49, and 14–18-fold fewer affected R. dominica, T. castaneum, and T. variabile, respectively, that did not disperse in the hanging and pipe deployment of LLIN compared to controls without LLIN.

By contrast, the LLIN deployment method, species, and their interaction strongly affected the number of recaptured dead insects within the group of insects that did not disperse (Table 4). For example, there was a 1.7–1.8-fold more dead insects found in the no dispersal group in the hanging and pipe deployments compared to controls, again likely a result of the proximity of the LLIN to the release point. There were 3.9–20-fold more dead T. variabile that did not disperse than either R. dominica or T. castaneum, respectively. While there were 6–10-fold and 1.4–1.5-fold more dead R. dominica and T. variabile, respectively, recaptured in the no dispersal group for the hanging and pipe deployments than the controls, there was 8–67% fewer T. castaneum (Figure 9). However, none of the variables affected the percentage of dead insects in the commodity at the far end of the warehouse, nor the percentage of dead insects that were able to partially disperse prior to mortality (Figure 9).


[image: Figure 9]
FIGURE 9. Mean (±SE) percentage of 100 T. castaneum (left column), R. dominica (middle), and T. variabile (right) recaptured that were classified as alive (green), affected (gray), or dead (black) after dispersing 72 h in pilot-scale warehouses with different methods of LLIN deployment in Manhattan, KS during 2019. Individuals were recorded as not dispersing (Zone 6, top row), partially dispersing (Zones 2–5, second row), infesting the commodity (Zone 1, third row), or producing progeny after a 6-week holding period (bottom row). Deployment methods included: Cover—covering the commodity directly with LLIN, Hanging—a single piece of LLIN bisecting the warehouse, Pipe—a piece of LLIN bisecting a PVC pipe with adults released in the pipe, and Ctrl—no deployment of LLIN. Bars with shared letters are not significantly different from each other (Tukey HSD, α = 0.05).




Pilot-Scale Warehouse Trial 2: Combined Use of LLIN and Interception Traps

An overall MANOVA demonstrated no significant effect of single or combined tactics on the dispersal dynamics of insects in pilot scale warehouses, while species significantly altered dispersal, though not the interaction between the two (Table 5). Species affected the percentage of individuals making it to the commodity, partially dispersing, and not dispersing at all. Single or combined tactics, by contrast, had no effect on the dispersal of insects in warehouses, nor did its interaction with species. For example, only T. castaneum were able to reach the commodity (Figure 10), while there were 2.9–3.3-fold more T. variabile that did not disperse compared to R. dominica and T. castaneum, respectively. By contrast, there were 5- and 7-fold more T. variabile and T. castaneum, respectively, that partially dispersed compared to R. dominica. Only R. dominica and T. castaneum were captured by interception traps, but at low levels (Figure 11).


Table 5. Statistical model results for recapture of individuals in the commodity, partially dispersing, and not dispersing in the Trial 2 examining management tactic efficacy in a pilot-scale warehouse release-recapture assay deployed in 2019 in Manhattan, KS.
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FIGURE 10. Mean (±SE) percentage of 100 T. castaneum (light blue bars), R. dominica (pink bars), and T. variabile (dark blue bars) adults released in pilot-scale warehouses in Manhattan, KS during 2019 recaptured after 72 h for Trial 2 to assess relative efficacy of LLIN alone (LLIN alone), AK-based interception traps alone (AK alone), both together (AK + LLIN), or neither (Ctrl). Individuals were recorded as not dispersing (Zone 6, top row), partially dispersing (Zones 2–5, second row), infesting the commodity (Zone 1, third row), or producing progeny after a 6-week holding period (bottom row). Bars with shared letters are not significantly different from each other (Tukey HSD, α = 0.05).



[image: Figure 11]
FIGURE 11. Mean (SE) percentage of 100 T. castaneum (light blue bars), R. dominica (pink bars), and T. variabile (dark blue bars) recaptured in AK-based interception traps deployed in pilot-scale warehouses during Trial 2 in Manhattan, KS in 2019. Lower case letters represent pairwise comparisons within R. dominica, while upper case letters represent pairwise comparisons within T. castaneum. Bars with shared letters are not significant different from each other (Tukey HSD, α = 0.05).


Only T. castaneum progeny were recorded in the commodities after 6 weeks (χ2 = 57.0; df = 2; P < 0.0001). The management tactic significantly affected progeny production (χ2 = 17.2; df = 3; P < 0.001), with an 83 and 19% reduction in the number of progeny produced in the commodity when LLIN alone or both LLIN and interception traps together were used, respectively (Figure 10). Conversely, there was 2.3-fold more progeny in the commodity where AK-based interception traps alone were used (Figure 10). There was no significant interaction between tactic and species (χ2 = 0.01; df = 6; P = 0.99). Therefore, LLIN, alone or with other IPM tools such as interception traps, can effectively reduce progeny production within stored products.



Pilot-Scale Warehouse Trial 2: Health Conditions After Exposure

The management tactic and species changed the percentage of affected insects recaptured in the partial dispersal area of warehouses, but not their interaction (Table 5). On average, there was an 82% increase in the number of affected individuals recaptured in the partial dispersal area with interception traps alone compared to the control. For LLIN alone or both LLIN and interception traps, there were 1.6- and 1.5-fold more affected individuals recaptured in the partial dispersal area relative to the control where no tactics were deployed (Figure 12). There were 5.6 and 13.4-fold more affected T. castaneum than T. variabile or R. dominica recaptured in the partial dispersal area of the warehouse. Only the management tactic changed the percentage of affected individuals that did not disperse in warehouses, with 3, 5-, 2-, and 5-fold more affected individuals recaptured in the no dispersal group when using the interception trap only, LLIN only, or both combined, respectively, compared to warehouses without either. However, there were no affected insects recorded from the commodity, thus none of the variables had a significant effect on the percentage recaptured.
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FIGURE 12. Mean (±SE) percentage of 100 T. castaneum (left column), R. dominica (middle), and T. variabile (right) recaptured that were classified as alive (green), affected (gray), or dead (black) after dispersing 72 h for Trial 2 in pilot-scale warehouses in Manhattan, KS during 2019 to assess the relative efficacy of LLIN alone (LLIN alone), AK-based interception traps alone (AK alone), both together (AK + LLIN), or neither (Ctrl). Individuals were recorded as not dispersing (Zone 6, top row), partially dispersing (Zones 2–5, second row), infesting the commodity (Zone 1, third row), or producing progeny after a 6-week holding period (bottom row). Bars with shared letters are not significantly different from each other (Tukey HSD, α = 0.05).


By contrast, only species identity affected the percentage of dead insects recaptured in the partial or no dispersal zones, but not the management tactic used, nor their interaction (Table 5). No dead insects were found in the commodity (Figure 12). There was a 5.2-fold greater percentage of dead T. castaneum and T. variabile that partially dispersed prior to death compared to R. dominica. There were 3- and 11-fold more dead R. dominica and T. variabile, respectively, that did not disperse compared to T. castaneum.




DISCUSSION

Overall, we have found that LLIN was highly effective when used alone or in interception traps to halt immigrating stored product insects. It appears likely that food facilities with LLIN deployed will have less insect colonization and fewer infestations. Many insects that contact LLIN while moving through facilities will be affected, through reduced mobility and increased mortality, and the net result is that individuals will be unable to successfully infest commodities.

While the findings from this study found no dose-dependency using the commercial SPB tab lure in AK-based interception traps, interception traps were still able to intercept naturally-occurring insects immigrating toward commercial food facilities. This aligns with previous literature, where AK traps were used to successfully intercept insects and monitor for or reduce infestations in other agricultural settings (Navarro-Llopis et al., 2013; Camelo et al., 2014; Morrison et al., 2016b). Deploying these traps around the perimeters of food facilities could be effective at capturing insects, but it is currently unknown what percentage of immigrating insects in the vicinity would be ensnared by the traps (e.g., their trapping efficiency). In the wind tunnel assays, a very small fraction of T. castaneum and a somewhat larger proportion of R. dominica did not respond to stimuli; however, this likely is related to the propensity of T. castaneum to orient in an upwind direction with air movement (Campbell, 2012) and the poor mobility of R. dominica (Morrison et al., 2019b) rather than reflecting on the suitability of the stimuli in the interception traps. Future work should investigate the density of traps needed and the distance these traps should be placed from each other and the food facility for optimal effectiveness. Optimizing deployment could increase the efficiency of trapping for stored product pests and avoid unnecessary costs or loss of product (Hossain et al., 2010; Sargent et al., 2014). Additionally, effectiveness of AK could be improved through the identification of more effective attractants and different trap designs. Other novel cues should be investigated that may elicit a stronger attraction from insects than the lure or trap design used in this study. For example, in other work, aggregation pheromones or other sensory stimuli deployed in AK settings are commonly synergized by the presence of host plant volatiles (Morrison et al., 2016a; Wallingford et al., 2018), while trap type for another agricultural pest, H. halys, significantly affected successful capture (Morrison et al., 2015). In stored products, traps that combined pheromonal cues and food (e.g., cracked wheat) resulted in greater captures of S. zeamais and S. oryzae than traps with either cue alone (Likhayo and Hodges, 2000). Ideally, in AK-based approaches, the goal is to attract a large number of insects to a circumscribed area; however, we were not able to increase captures by increasing the number of lures in the trap. Despite the very short deployment periods (~48 h) over the course of two summers, these interception traps were able to attract 3,800 insects, suggesting that these traps were fairly effective. Further, the community of pests captured in our traps were indicative of the typical pest species found in the wheat and rice growing regions of Kansas and Arkansas, which comprise the primary wheat and rice production areas of the U.S. (Campbell and Arbogast, 2004; McKay et al., 2017; USDA-NASS, 2020). Other parts of the world may have different pest communities, thus, the response of these insects to our interception traps would need to be investigated against other pest communities if considered for adoption in an area with a significantly different pest community. Importantly, the inclusion of LLIN eliminated progeny production of captured stored product insects, but did not hinder their entrance into interception traps, suggesting that it acted as an effective kill mechanism for insects that were captured while not reducing trap attractiveness. Finally, perhaps the largest limitation of using interception traps as they are currently designed is the fact that they cannot be deployed for long periods. This may be improved if provided with a small rain shelter or overhang built into the top of the trap, or by using a more durable kairomone source than grain, which easily molds under unprotected field conditions.

Furthermore, we found that deploying LLIN in pilot-scale warehouses significantly reduces the dispersal ability and commodity colonization by three species of stored product insects. These findings expand on a previous study that showed a significant decrease in the movement and dispersal of adult and immature T. castaneum and R. dominica after exposure to LLIN in the laboratory (Morrison et al., 2018; Wilkins et al., 2020). Regardless of deployment method, infestations and progeny production by T. castaneum decreased by 89–93% and 98–100%, respectively, in warehouses that incorporated the netting. The impact of LLIN deployment primarily affected T. castaneum; R. dominica and T. variabile exhibited low dispersal and colonization in the pilot-scale warehouse, possibly due to the nature of the control, which consisted of a PVC pipe. This may have worsened R. dominica and T. variabile's walking abilities more than they inherently are, while preventing them from dispersal by flight. The PVC pipe, however, was necessary for use in the control treatment to rule out additional effects the pipe may have had on the dispersal of the three species in other treatments. A follow-up experiment evaluates this hypothesis by using a control where insects are simply released in the warehouse on the floor. Another factor may have been the duration of the experiment; a longer dispersal period may have improved colonization. Nevertheless, we found that even laying LLIN directly over a commodity reduced the ability of T. castaneum to infest the product. This is consistent with an earlier study that used an α-cypermethrin-based LLIN against L. serricorne and E. elutella to surround a carton of tobacco in a commercial tobacco facility (Athanassiou et al., 2019). Trees wrapped with LLIN also exhibited significantly reduced beetle attacks (Ranger et al., 2020). Another study found that LLIN reduced S. oryzae infestations of maize in mini-bag bioassays by 98–100%, however, there were varying amounts of permethrin residues on the maize (Anaclerio et al., 2018). Thus, applications of LLIN deployed farther from the commodity, like the hanging and pipe treatments used in this study, may be preferred for commercial implementation.

Interestingly, when interception traps were deployed together with LLIN, there was actually a significant decrease in efficacy and an increase in progeny production inside the commodity relative to deploying LLIN alone in pilot scale warehouses or even nothing at all. This may have arisen as a result of attractive stimuli in the traps promoting flight initiation (e.g., Cox and Dolder, 1995); thus, individuals may have been able to circumvent the LLIN at ground-level, which did not reach to the ceiling. Further, due to the size constraints of the pilot-scale warehouses, the area of arrestment around the trap may have been large enough to attract insects to the opening of the warehouse where they may have wandered in the vicinity of the trap until “accidentally” entering the warehouse. While sex pheromones typically attract individuals to a point-source emission, aggregation pheromones, by contrast, attract individuals only until they reach some threshold level of pheromone, after which they wander in a delimited area of arrestment around the odor source in multiple systems (Halliday and Blouin-Demers, 2016; Morrison et al., 2016b). Combined with the tight spatial arrangements, the interception trap was not actually placed in a realistic location if the setup were adjusted to scale. Instead of being placed on the equivalent of the perimeter of a food facility where the area of arrestment would not intersect buildings, the interception trap was placed at the equivalent of the front door for the facility in our experiment. Thus, the net result was greater commodity colonization when interception traps were used alone compared to other treatments. Nonetheless, we have successfully shown the utility of LLIN at pilot-scale, and future work should assess both the specific area of arrestment around the interception traps and the use of LLIN against insect immigration in commercial-scale food facilities and in bulk storage commodity bins. While our results suggest that LLIN is an effective, preventative IPM tool that can work along with other tactics in a comprehensive IPM program, it is unlikely to completely replace the need for fumigations. However, it could reduce the number of treatments required. Therefore, the ability of LLIN to reduce fumigation events should also be further evaluated in future studies to confirm these predictions.

Exposure to LLIN does not always result in mortality, but may instead manifest as indirect toxicity through reduced movement and dispersal. In this study, there was an extensive number of affected individuals recaptured inside the warehouses. These were most often the insects that contacted the netting as they attempted to move through the warehouse toward the commodity. However, it was clear that the netting was successfully acting as a barrier to dispersal because most of these insects were found near the LLIN, but situated on the opposite side of the LLIN relative to the food source. Thus, while insects can physically pass through the netting, the knockdown effects are immediate enough that most insects are unable to crawl through the netting and advance farther into the warehouse to colonize commodities. Importantly, this portends success in the use of LLIN in the ways that we are describing here for food facilities. These results are also in line with a previous study that found both brief, multiple and continuous, longer exposures to LLIN by T. castaneum resulted in equally poor recovery (Arthur et al., 2020; Gerken et al., 2020). Additionally, in the AK-based interception trap field study and Trial 1 semi-field study, progeny production in the traps with LLIN and the commodities of pilot-scale warehouse where LLIN was deployed was minimal, which is consistent with past research on the sublethal effects of deltamethrin on progeny production (Athanassiou et al., 2004). Accounting for both these lethal and non-lethal effects of insecticide-incorporated netting provides a fuller picture of the efficacy of the netting as an IPM tool (Guedes et al., 2016).

Finally, there is more research needed on the efficacy of LLIN and interceptions traps together at a commercial level, especially if improvements to AK-based interception trap design or stimuli are made. For example, it would be of interest to know from what distance stored product insects are attracted to interception traps, and whether the use of LLIN can result in decreased numbers of insects inside facilities or bins and thus reduce the need for suppressive management tactics such as fumigation. Previous studies show that integrating additional tools like AK improved the overall efficacy of pest management programs by lowering total crop loss (Hafsi et al., 2016; Rahman and Broughton, 2016). Additionally, deploying an interception trap incorporating LLIN will likely result in multiple exposures to the netting, decreasing the chances of insects like T. castaneum recovering (Gerken et al., 2020). Furthermore, incorporating novel insecticide active ingredients into the netting will help mitigate insecticide resistance in insect pest populations and should also be investigated. Building upon and implementing these novel tactics and IPM programs will help conserve the efficacy of current fumigant tools for years to come.
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Psocoptera

There were three replicates of each treatment per site, with each trap deployed for 48-h period.
*Estimated Psocoptera captures were excluded from dataset. Approximate Psocoptera captures in Arkansas and Kansas were ~2,810 and 1. Hyphen indicates zero insects captured.
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Lower case letters represent multiple comperisons among different numbers of lures for
T. castaneum, while upper case letters represent multiple comparisons among different
numbers of lures for R. dominica (x2-test, Bonferroni Correction).
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Treatments included no LLIN, or LLIN deployed in pipe, cover, or hanging applications.
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