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The red flour beetle, Tribolium castaneum (Herbst), is a major pest of food processing facilities and can be
monitored using pitfall type traps. To determine how beetles interact with these traps under field
situations, the behavior of individual beetles released in the vicinity of traps was observed in a large

Keywords: arena. Specifically, the response of adults to traps baited with combinations of commercially available
Red flour beetle pheromone and kairomone attractants was measured, as was the influence of beetle sex and strain,
2?5;‘3?3:6 airflow presence or absence, and distance from trap. The beetle’s response to traps was strongest (e.g.,
Trapping more encountered trap, more remained in observation zone, more time was spent on treaftment side, and
Kairomone decreased speed and increased turn angle) to pheromone/kairomone or pheromone baited traps when

there was air movement, while kairomone alone and all attractants under still air conditions generated
no significant response by the beetles. Even with the best combination of attractants and with airflow,
average number encountering trap was only 40%. With airflow, beetles were successful at locating
a pheromone/kairomone baited trap out to 90 cm, the maximum distance tested, but under still air
conditions even at 10 cm there was no difference between traps with and without attractants. Since
airflow at trap locations within commercial food facilities can vary considerably, these patterns of

response to traps could significantly impact insect detection.

Published by Elsevier Ltd.

1. Introduction

Tribolium castaneum (Herbst), the red flour beetle, is a major
pest of food processing facilities, such as mills, processing plants,
warehouses and retail stores (Campbell et al., 2010). A variety of
traps have been developed to capture walking stored-product pests
and they are used to monitor T. castaneum inside food facilities
(Burkholder, 1990; Chambers, 1990; Phillips, 1997; Phillips et al.,
2000). These traps are typically placed on the floor inside facili-
ties, but outside of cryptic resource patches where pest populations
develop, hence they target dispersing individuals moving between
resource patches. Commercially available traps for walking
T. castaneum are typically baited with aggregation pheromone and
food based kairomone lures and are based on a pitfall type of design
(Mullen, 1992). Although, as discussed below, there has been
extensive research on stored-product beetle response to each of
these types of attractants, little information is available on how
T. castaneum respond to commercially available traps and attrac-
tants under conditions similar to those found inside commercial
food facilities. Anecdotal reports from users in the food and pest
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management industry suggest that response to these commercial
traps by T. castaneum is limited. As a result, a better understanding
of how beetles interact with baited traps is needed so that their use
as a monitoring tool can be evaluated and improved.

Tribolium castaneum has an aggregation pheromone produced
by feeding males that is attractive to both sexes and which has been
identified as 4,8-dimethyldecanal (Suzuki, 1980; Suzuki et al.,
1984). The pheromone occurs in four different forms, with males
releasing all four at a 4:4:1:1 [(4R,8R):(4R,85):(4S,8R):(4S,8S)] ratio,
although commercial pheromone lures use a mixture of synthetic
(4R,8R)- and (4R,8S)-isomers at a 1:1 ratio (Lu et al., 2011). A large
number of studies have evaluated how T. castaneum, and the
related species Tribolium confusum DuVal which shares the same
pheromone (Suzuki and Sugawara, 1979), respond to this phero-
mone and how different factors influence the strength of response
(Barak and Burkholder, 1985; Boake and Wade, 1984; Duehl et al.,
2011a; Levinson and Mori, 1983; Lewis and Austad, 1994;
O’Ceallachain and Ryan, 1977; Obeng-Ofori, 1991; Obeng-Ofori and
Coaker, 1990b; Olsson et al., 2006; Ryan and O’Ceallachain, 1976;
Sokoloff, 1974; Verheggen et al., 2007). Differences between sexes
in pheromone response strength appear to vary with the experi-
ment and/or species, with females responding more strongly
(Levinson and Mori, 1983; Olsson et al., 2006), equally (Duehl et al.,
2011a; Verheggen et al., 2007), or less strongly (Obeng-Ofori and


Delta:1_given name
mailto:james.campbell@ars.usda.gov
www.sciencedirect.com/science/journal/0022474X
http://www.elsevier.com/locate/jspr
http://dx.doi.org/10.1016/j.jspr.2012.06.002
http://dx.doi.org/10.1016/j.jspr.2012.06.002
http://dx.doi.org/10.1016/j.jspr.2012.06.002

12 J.E Campbell / Journal of Stored Products Research 51 (2012) 11-22

Coaker, 1990a) than males. Strains have also been reported to differ
in their response to pheromone concentration (Boake and Wade,
1984). Most of these studies have not measured long range
attraction, although some experiments using windtunnel or olfac-
tometer type designs have shown that beetles do move upwind to
pheromone (Lu et al., 2011; Obeng-Ofori, 1991; Obeng-Ofori and
Coaker, 1990Db; Olsson et al., 2006).

Volatile chemical cues from foods can be important attractants,
and a variety of materials have been evaluated as kairomones for
stored-product insects (Barak and Burkholder, 1985; Hodges et al.,
1985; Mahroof and Phillips, 2007; McFarlane and Warui, 1973;
Nansen and Phillips, 2003; Obeng-Ofori, 1993; Pierce et al., 1990;
Pinniger, 1975; Subramanyam et al., 1992). The granary weevil
(Sitophilus granarius (L.)) is arguably the most extensively studied
stored-product pest species in terms of its response to kairomones,
with its response to whole or crushed seeds (Levinson and
Kanaujia, 1981; Rietdorf and Steidle, 2002), crude extracts (Collins
et al., 2007, 2004; Levinson and Kanaujia, 1982; Wakefield et al.,
2005), as well as to specific compounds present in these foods
(Collins et al., 2007, 2008; Germinara et al., 2008), evaluated and
a trap using food based attractants developed (Collins and
Chambers, 2003). Combining food odors with pheromone can
increase Sitophilus spp. captures in pitfall bioassays or traps
(Likhayo and Hodges, 2000; Phillips et al., 1993; Trematerra and
Girgenti, 1989; Wakefield et al., 2005; Walgenbach et al., 1987),
but increased response to combined attractants has sometimes
been less or nonexistent in field monitoring situations (Hodges
et al., 1998; Likhayo and Hodges, 2000).

Evaluation of T. castaneum attraction of food volatiles has been
more limited, although most commercial monitoring uses
a combination of pheromone and kairomone. Response of T. casta-
neum or T. confusum to food odors has been demonstrated,
although it is typically not possible to determine if beetles are
actually attracted or arrested by the odors (Phillips et al., 1993;
Willis and Roth, 1950). Tribolium spp. attraction to flour appears to
be negligible (Hughes, 1982; Romero et al., 2010). However, beetles
are attracted to conditioned flour (i.e., flour that beetles have
inhabited) if males are present and presumably producing phero-
mone (Hughes, 1982), but highly conditioned flour can become
repellent to T. castaneum (Duehl et al., 2011b). Recent analysis of the
genome sequence indicates that T. castaneum has a relatively large
number of odorant receptor genes compared to other sequenced
species, although how many of these genes have current functional
value remains to be determined (Engsontia et al., 2008). Identifi-
cation of specific compounds that are attractive to Tribolium spp.
has not been published, and commercial lures appear based on
crude food extracts or oils. Although the response to pheromones
by T. castaneum can be increased by the addition of food odors
(Phillips et al., 1993), how much this combination benefits phero-
mone trapping programs has not been reported.

A wide range of experimental techniques have been used to
evaluate the response of walking stored-product insect species to
different cues under choice and no choice conditions. These
procedures generally fall into one of four categories, although there
is considerable variation in experimental design within each cate-
gory: (1) electroantennography (EAG) experiments where stimu-
lation of antenna is used to determine potential attractants (Arnaud
et al, 2002; Collins et al., 2007; Levinson and Mori, 1983;
Verheggen et al., 2007); (2) behavioral bioassays in small spatial
scale arenas with capture of insects used as response variable (e.g.,
pitfall bioassays) (Barak and Burkholder, 1985; Blotch Qazi et al.,
1998; Boake and Wade, 1984; O’Ceallachain and Ryan, 1977; Ryan
and O’Ceallachain, 1976; Trematerra et al., 2000); (3) behavioral
bioassays in small spatial scale arenas without capture, but with
insect position determined at a set time (Blotch Qazi et al., 1998;

Ryan and O’Ceallachain, 1976; Suzuki and Sugawara, 1979; Willis
and Roth, 1950) or at regular time intervals (Arthur et al., 2011;
Blotch Qazi et al., 1998; Duehl et al., 2011a; Levinson and Mori,
1983; Seifelnasr et al., 1982); and (4) windtunnel/olfactometer
bioassays where insect movement upwind to source is evaluated
(Barak and Burkholder, 1985; Lu et al., 2011; Obeng-Ofori, 1991;
Obeng-Ofori and Coaker, 1990b; Olsson et al., 2006; Romero et al.,
2010; Verheggen et al., 2007).

Each of these experimental approaches has advantages as a tool
to identify behaviorally active materials, but all have limitations in
terms of extrapolating from them to how insects will interact with
traps baited with these attractants in food facilities. Strength of
response to a potential attractant can be inflated by confining
beetles in small arenas, since this can lead to multiple encounters
with sources and increase the likelihood of a positive response.
Experiments done with groups of insects can also lead to interac-
tions among individuals that can confound the detection of
response to attractant (Trematerra et al., 1996). Use of either still air
or moving air in experiments can generate different levels of
response, but typically bioassays are conducted using only one or
the other. More real world conditions can be generated by
increasing the size of the arena and measuring insect captures
(Arbogast et al., 2003, 2005; Mullen, 1992; Stejskal, 1995; Toews
et al., 2005), but these experiments are time consuming, replica-
tion is difficult, and they can still generate conditions where insects
interact multiple times with a trap. Commercial food facilities are
even more difficult to use for trap comparisons given the spatial
and temporal variation of population abundance and distribution
(Arbogast et al., 2000; Campbell et al., 2002).

Detailed studies of beetle behavior around traps in a large arena
could provide a more accurate picture of the effectiveness of
different traps and attractants under food facility conditions. The
protocol used here simulates a scenario where a trap is placed along
a wall within a food facility, a typical location used in monitoring
programs, and a beetle dispersing from a hidden refugia has an
opportunity to either respond to the trap or leave the area. This is
potentially a more stringent and realistic test of the strength of
a response than can be obtained in behaviorally constraining
containers. Because individual beetles are evaluated, confounding
factors due to interaction among individuals are limited. Addi-
tionally, because the movement pattern of the beetle is observed,
the role of attraction versus random encounter and arrestment at
the trap can be evaluated. In addition, this approach enables the
influence of different environmental factors on attraction to be
tested. Here, the response of T. castaneum adults to Dome traps
(Trece, Adair, OK) baited with commercially available attractants
was measured, and the influence of beetle sex and strain, attrac-
tants in trap, airflow presence or absence, and beetle release
distance from trap on the strength of response were assessed.

2. Materials and methods
2.1. Experimental arena

All experiments were conducted in a 5 by 5 m room inside
a warehouse building (12 x 12 m, 4—6 m height) with heating and
lighting, but no cooling capability. The room consisted of plywood
floor and ~0.5 m tall plywood walls which were covered with
linoleum flooring. The top and the sides of the chamber above
the plywood wall were enclosed with plastic sheeting on
a wooden framework (2.4 m height) and along one wall was
a door. Near the ceiling on one wall were three exhaust fans that
were run between trials to exchange the air in the chamber, but
not during observations. An underfloor heating system was used
to control the temperature of the room. Linoleum on the floor of
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the chamber was roughened using sandpaper to facilitate traction
by the beetles and grids of 5 by 5 cm squares were made using
a permanent marker to facilitate the placement of traps, release
of beetles, and the tracking of beetle movement as described
below. Grids were 100 cm long and 50 cm wide, except when
effect of release distance was tested, and placed with the long
edge of the grid along each of two room walls.

2.2. Experimental protocol

Tribolium castaneum adults 2—4 weeks post-eclosion were
selected from colony jars containing wheat flour and held at 25 °C,
65% rh, and 14:10 light:dark cycle. The sex of each individual was
determined based on male leg characteristics (Good, 1936) and
beetles were held individually in 30 ml clear plastic cups (Jet
Plastica Industries, Hatfield, PA) without food overnight on the floor
inside the experimental room prior to being tested. Beetles were
released individually in all experiments, with at least one individual
beetle tested from all the treatment combinations in an experiment
on a given day in order to block the replications over time. Beetles
were released by inverting a cup over the centerline of the long axis
of the observation zone (within a four grid cell square) and adjacent
to the wall (Fig. 1). Cup was moved back and forth within the
release zone until beetle was observed to be upright and walking
and then the cup was left in place for 30 s before lifting it to begin
the experiment. In all experiments a Dome trap with different
combinations of supplied attractants (kairomone oil and phero-
mone lure for T. castaneum) (Trece Inc, Adair, OK) was used to
evaluate insect response. Attractants were added to traps the day
before the trial was to be conducted with separate traps for each
combination of attractants, but the same pheromone lure and
kairomone oil used in multiple trials over a one week period and
then replaced. A trap was placed within a square created by four
5 x 5 c¢m grids, with the midline of the trap 25 cm from the center
of the release zone, except when effect of trap distance was tested,
and the edge of the trap flush with the vertical wall (Fig. 1). Traps
were held outside of the arena until ready to be used in an exper-
iment and left in place 5 min before starting a trial.

To evaluate the influence of airflow on beetle response to traps,
two fans were aligned along the wall and placed 1 m from the
centerline of the observation zone where beetles were released.
The fans were custom made for this experiment and consisted of
a centrifugal fan within a metal housing with an output opening
12.3 cm wide by 5 cm tall. The two fans were aligned side-by-side
and adjacent to the wall, with the output openings flush with the
floor and facing so that air was blown across the trap toward the
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Fig. 1. Observation zone used for examining T. castaneum behavior, with x and y axis
ticks indicating the position of 5 by 5 cm squares, the unfilled square indicating the
release zone for the beetles (encompassing four 5 by 5 cm squares), the circle indi-
cating trap position, and gray scale contours representing air speed (m/s) measure-
ments at the center of each 5 by 5 cm square (no airflow treatment without fans
running, had air velocity readings insufficient to create contour map).

beetle release point. To control for any potential visual response by
the beetles to the fans, they were left in place, but not turned on, for
treatments without airflow. To evaluate air velocity across the
observation area, a thermal anemometer (model 414, Testo AG,
Lenzkirch, Germany) was used and air speed was measured at
1.5 cm above the floor surface at the center of each cell within the
observation area, with sensor facing the direction of the fan and
perpendicular to the wall. Airflow varied across the observation
zone (Fig. 1) with an overall average and standard error of the mean
(sem) of 0.82 + 0.04 m/s. The average airflow in the observation
zone adjacent to the wall and directly downwind from the fans,
which including the trap and release point, was 1.15 + 0.02 m/s.
Airflow was 1.04 £+ 0.05 m/s in the four grid cells forming the
release zone. When fans were not turned on, the average airflow in
the observation area was 0.03 + 0.00 m/s.

After lifting the cup, beetles were observed for 5 min or until
they left the observation zone or were captured within the trap.
During the observation period the beetle’s position was recorded
every 5 s on a datasheet that contained a smaller scale grid that
matched the grid pattern on the floor of the arena. Timing of
observations was maintained using a metronome that emitted
a sound at the appropriate time interval. To control for position
effects on beetle behavior, the side of the chamber on which the
trial was performed and the side of the observation zone in which
the trap was placed were alternated. However, all the replicates
were realigned to the same orientation for presentation and anal-
ysis. It was assumed that beetles leaving the observation zone
would be unlikely to return, this assumption was evaluated using
data from Experiment 1.

Before the first replicate in each block of the experiment, envi-
ronmental conditions were measured at six locations within the
observation zone: at each end and at the center of the long axis next
to the vertical wall edge and at the opposite side of the observation
zone. Air temperature and relative humidity were measured 1 cm
and 4 cm above the floor surface, respectively, using a handheld
weather meter (Kestrel 3000, Nielsen-Kellerman, Boothwyn, PA
USA). Surface temperature was measured using an Atkins Series
396K thermometer (Atkins Technical, Gainesville, FL USA). The six
measurements were averaged for each block, and during these
experiments the mean (+sem) for surface temperature, air
temperature, and relative humidity were 25.2 + 0.2 °C (n = 94),
23.6 £ 0.2 °C (n = 94), and 28 + 2% (n = 93), respectively.

2.3. Statistical analysis

The following metrics were determined for each replicate in
each of the experiments described below: proportion of individuals
that encountered the trap, proportion that left the observation
zone, and proportion that remained in the observation zone until
the observation was terminated; time to encounter trap, for those
individuals that visited the trap; and proportion of observations
points in the half of the observation zone containing the trap (from
the midpoint of the release zone to the edge of the observation
zone past the trap). Trap encounters included beetles that con-
tacted the trap but did not remain at the trap and were either timed
out or left the observation zone; beetles that encountered the trap
and were still on the trap at the end of the observation period; and
beetles that encountered trap and were captured in trap prior to
end of observation period. For movement path analysis, a raster-
based dataset was created by assigning each grid cell an x and y
coordinate and recording the cell in which the beetle was located at
each successive time point. From this data, the following path
metrics were calculated and reported: average step length, which
indicates rate of movement (measured as number of cells visited
during a time interval); average turn angle, which indicates how
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linearly beetles moved (measured from the center point of the cells
visited); and fractal dimension, which is an overall measure of path
tortuosity. These various metrics provide slightly different
perspectives on the beetle response that can provide insight into
the strength and mechanism of the response.

Dichotomous data for individual beetles such as encounter with
trap or leaving observation zone was analyzed with the PROC
GLIMMIX procedure in SAS v. 9.3 software (SAS Institute, 2011).
Presence of treatments with zero responses causes errors with this
analysis, so data was transformed by adding a positive response to
one individual in each combination of treatments that had not
previously responded positively (untransformed data is presented).
Multiple comparisons were evaluated with Tukey—Kramer method
using the Least Squares Means. Proportion of time on the positive
side of observation zone and path metrics were analyzed using
General Linear Models (GLM) procedure in SAS software. Propor-
tion of time data distribution was normalized prior to analysis
using an arcsine square root transformation. All comparisons were
evaluated using an alpha value of 0.05. Untransformed data is
presented in the text and figures as mean + standard error of the
mean (sem).

2.4. Experiment 1: influence of strain, sex, and presence or absence
of air movement on response to Dome traps with different
combinations of attractants

Two T. castaneum strains both of Kansas, USA origin were tested:
one a laboratory strain which has been maintained in culture at the
USDA laboratory since 1958, and the other a field strain collected
from a flour mill within one year of the start of the experiments.
Males and females were collected for each strain using methods
described above. Experiments were conducted with and without
fans running, as described above, to created airflow and no airflow
treatment groups. The attractant combinations tested were those
supplied with the Dome trap: the food oil kairomone and the
pheromone lure. Dome traps were tested with no attractants
added, kairomone oil only (~ 10 drops onto supplied piece of filter
paper), pheromone lure only, and kairomone oil and pheromone
lure combination. An additional control treatment consisted of no
trap placed in the observation zone. To facilitate observation of the
beetles on the traps, the lids of the Dome trap were not used in this
experiment. The pheromone lure was mounted on a folded piece of
wire placed in the bottom of the trap so that the lure was sus-
pended above the trap in the same position that it would have been
if mounted in the lid.

Treatments were blocked in the following manner due to limi-
tations on the number of replicates that could be performed within
a day, time needed to perform the observations, and temperature
conditions in the chamber: beetle sex, airflow, and attractant type
were all nested within beetle strain and blocked over time, with
one replicate of all treatment combinations within a strain per-
formed on a given day. The order of treatment combinations within
a day was randomized. A minimum of 12 replications were per-
formed for each treatment combination.

2.5. Experiment 2: influence of release distance on response to
Dome traps

Experimental protocol was the same as with the other experi-
ments, except that the beetles were released in zones whose
centerlines were 10, 30, 50, 70 or 90 cm from centerline of the trap
location. This resulted in a change in the size of the observation
zone — which in this experiment extended the distance between
the release zone and the trap position, plus an additional five grid
cells (total of 25 cm) beyond on each end. The width of the

observation zone was the same in all the treatments. In addition, in
this experiment a normal nontransparent Dome lid was used on the
traps, so observations of whether beetle was captured could only be
made at the end of the observation. The factors tested in this
experiment were trap distance, presence or absence of airflow and
presence or absence of pheromone/kairomone attractant. The
experiment was performed using the laboratory T. castaneum
strain, with 10 replicates of males and 10 replicates of females
(sexes combined for analysis to give an n = 20). The experiment was
blocked by distance, with all different sex, attractant and airflow
treatment replications conducted within a day. The order of the
different distances was randomized and the orientation of the fans,
trap and release point was alternated with equal numbers of
replications in both directions.

3. Results
3.1. Experiment 1

For illustration, individual movement paths for the T. castaneum
laboratory strain males under the different airflow and trap/
attractant combinations are shown in Fig. 2, individual releases and
different orientations are aligned in a single diagram for each
treatment combination. Visual observation of the pathways for
both strains indicated an increase in positive movement upwind
when airflow was present compared to no airflow treatments, this
movement was increased when traps were baited with pheromone
alone or in combination with kairomone.

Initial analysis using a glimmix model for binomial data indi-
cated that for trap encounters strain (F = 1.55, d.f. = 1, 454,
P = 0.2130) and sex (F = 1.54, d.f. = 1, 454, P = 0.2147) were not
significant, airflow (F = 3.82, d.f. = 1, 454, P = 0.0513) was
marginally not significant, and none of the interactions were
significant (P > 0.05), but trap/attractant type was highly significant
(F=8.32,d.f. =1, 454, P < 0.0001). These differences resulted from
beetle encounters with trap being more frequent when trap had
pheromone or pheromone/kairomone, while encounters with traps
with kairomone, empty traps and no trap controls were lower and
not significantly different from each other, except that kairomone
baited traps were also not different from the pheromone/kair-
omone baited traps. Since strain and sex were not significant
factors in subsequent analyses they were combined. For glimmix
analysis of the combined data, airflow was not significant (F = 3.40,
d.f. =1, 484, P = 0.0657), trap/attractant was significant (F = 9.35,
d.f. = 4, 484, P < 0.0001), and the interaction was not significant
(F =119, d.f. = 4, 484, P = 0.3145). These differences were due to
more beetles encountering traps with pheromone or pheromone/
kairomone than those with kairomone alone, empty traps, or when
no trap was present.

Although airflow was not a significant factor in the overall
models, observation of data suggests that this might be due to the
wide variation in level of response among different tested factors
(Fig. 3A—F). Therefore, further analysis was performed sorting the
data into the airflow treatments. Analyzing just the no airflow data,
there was a significant effect of trap/attractant on beetle encounters
with the traps (F = 3.42, d.f. = 4, 234, P = 0.0097), but the only
pairwise difference was between the pheromone baited trap and
the no trap control (Fig. 3G). With airflow present, there were also
a significant effect of trap/attractant (F = 6.99, d.f. = 4, 220,
P < 0.0001), with the pheromone/kairomone baited trap having
more encounters than all other treatments, except the pheromone
only treatment (Fig. 3H).

Two additional measures related to encounters with traps were
also evaluated since they can provide additional insight into the
strength of the response. First, beetles that remained on trap until
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Fig. 2. Diagram of the movement pathways of individual T. castaneum (laboratory
strain) male beetles under the different experimental conditions of no airflow or
airflow with the following trap/attractant treatments: no trap, empty trap, kairomone
(food oil) baited trap, pheromone baited trap, and pheromone/kairomone baited trap.
Each line represents the path of an individual beetle, but are presented as a composite
of replicates with orientation of the sources standardized to the right hand side, even
though the orientation in actual replicates alternated. The square indicates the release
zone for the beetles and the circle indicates the location of the trap, with both placed
adjacent to a vertical edge along the lower portion of each figure.

the end of the observation period, including those that were
captured, was determined since this provides a measure of
arrestment at the trap as well as the probability of encountering the
trap. With airflow there was a significant effect of attractant on the
percent response (F = 2.89, d.f. = 3, 188, P = 0.0368), but
Tukey—Kramer test did not indicate differences among specific
treatments. Without airflow there was not a significant effect of
attractant (F = 1.89, d.f. = 3, 199, P = 0.1319). Even under the
combination of variables with the highest response, airflow with
pheromone/kairomone baited trap, only 23% of beetles were
retained either in or on the trap at the end of the observation

period. The average time until a trap is encountered was also
measured since this provides insight into whether beetles are
responding more directionally or quickly to a trap. However, time to
encounter trap was not significantly different among treatments
(F =118, d.f. = 7, 82, P = 0.3214), with both airflow and attractant
type included as main factors in the model.

Since beetles may respond positively to different treatments,
but within the timeframe of the experiment not encounter the trap,
the proportion of observations where the beetle was in the half of
the observation zone with the trap/attractant (i.e., positive
response) was analyzed. The overall GLM model, which included
strain, sex, airflow, and trap/attractant type as factors, was signifi-
cant (F = 3.51, d.f. = 39, 469, P < 0.0001). Of the factors and their
interactions included in the model, strain (P = 0.0334), airflow
(P < 0.0001), trap/attractant (P < 0.0001), and airflow and attrac-
tant interaction (P = 0.0026) were significant. The field strain had
a slightly stronger positive response than the laboratory strain
(0.68 +0.02 (n = 243) and 0.61 + 0.03 (n = 266), respectively), but
the level of difference does not appear biologically meaningful.
Airflow resulted in a stronger positive response than without
airflow (0.74 &+ 0.02 (n = 240) and 0.56 + 0.02 (n = 269), respec-
tively). And traps with pheromone and pheromone/kairomone
(0.77 £ 0.03 (n = 100) and 0.74 + 0.04 (n = 104), respectively) had
a significantly stronger positive response than kairomone only,
empty, and no trap treatments (0.60 & 0.04 (n = 100), 0.56 + 0.03
(n=103) and 0.55 £ 0.04 (n = 102), respectively). The latter group
did not differ from each other and were close to a neutral response,
which would be 50% of time on the attractant side of observation
zone. Combining the strains and sexes, airflow increased the time
beetles were on the positive side of the observation zone. With no
airflow, beetles spent approximately 50% of their time on positive
side, with no differences among the different trap/attractant
treatments (Fig. 4A). When airflow was present, there was a strong
positive response to the two treatments with pheromone (>90%),
while kairomone was not different from empty trap or no trap
control (Fig. 4B).

Since attractants might elicit an area concentrated search or
arrestment response that might ultimately lead to an increased
capture probability, but not be detected within the short observa-
tion period, the tendency to leave the observation zone was eval-
uated as a measure of arrestment. In the overall glimmix model
with strain, sex, airflow, and trap/attractant as factors, only airflow
(F=9.69, d.f. =1, 454, P = 0.0018) and attractant (F = 6.73, d.f. = 4,
454, P < 0.0001) were significant main factors and none of the
interactions were significant. Fewer beetles left the observation
zone when airflow was present (49%) than when it was absent
(65%). Among the attractants, more beetles left the observation
zone in the no trap (70%), empty trap (68%), and kairomone (64%)
trap treatments, than in the pheromone (48%) and pheromone/
kairomone (35%) trap treatments, although the pheromone only
treatment was not different from the kairomone only and empty
trap treatments. Combining the strains and sexes, both airflow
(F=8.86, d.f. =1, 484, P = 0.0031) and attractant (F = 6.37, d.f. = 4,
484, P < 0.0001) were significant factors, and the interaction was
not significant (F = 1.95, d.f. = 4, 484, P = 0.1012). In the absence of
airflow, there was no difference among trap/attractants (F = 1.18,
d.f. = 4, 249, P = 0.3218) (Fig. 4C). However, in the presence of
airflow there was a significant difference among trap/attractants
(F=6.33,d.f. = 4,235, P < 0.0001) (Fig. 4D), and as in the combined
airflow treatments the pheromone/kairomone combination had
a lower leaving rate than all the other treatments, except the
pheromone only trap.

An assumption of this experimental approach is that beetles
that leave the observation zone (which triggers a terminated
observation) are unlikely to ultimately encounter the trap. To
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Fig. 3. Proportion of released T. castaneum encountering a Dome trap baited either with nothing (empty), kairomone (food oil), pheromone, or pheromone/kairomone combination,
or to a no trap control within a 5 min observation period. Data is sorted into responses with and without airflow and then sorted by field (A) or laboratory (B) strain results, followed
by strains combined (E,F), and then with strains and sexes combined (G,H). Letters above bars in graphs G and H indicate statistical differences, with bars that share a letter not
being significantly different from each other within a graph (P > 0.05).
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Fig. 4. Proportion of observations of released Tribolium castaneum on the side of the observation zone containing the source (no trap control, empty trap, or trap baited with
kairomone, pheromone, pheromone/kairomone) without (A) and with (B) airflow and the proportion of released beetles leaving the observation zone for the same treatment
combinations (C,D). Letters above bars indicate statistical differences, with bars that share a letter not being significantly different from each other within a graph (P > 0.05).

evaluate this assumption, the number of beetles that leave the
observation zone, return and interact with the trap was assessed.
For a subset of the observations, beetles were also evaluated over
a larger area encompassing 300 by 175 cm. In 119 observations of
individual beetles, 21 (18%) re-entered the observation zone, but by
the end of the full observation period had left again, while 11
individuals (9%) returned and were still in the observation area at
the end of the observation period, and only 1 individual (1%)
returned and encountered a trap. Thus, leaving the observation
zone makes it unlikely that a beetle will encounter a trap, even if
observation had not been terminated.

Evaluation of movement pathway metrics provides additional
insight into the mechanism behind the beetle’s response to trap/
attractants and could potentially detect responses missed in the
other metrics analyzed above. Analyses of the combined strain and
sex dataset were performed using GLM. Average step length
(number of cells visited in a time step, which indicates rate of

movement) was significantly affected by treatments (F = 5.53,
d.f. =9, 474, P < 0.0001): step lengths were shorter (i.e., slower
movement) with airflow (P < 0.0001) and when traps contained
pheromone (with and without kairomone) (P < 0.0319), and
interaction between airflow and pheromone was significant
(P = 0.0339). With airflow, beetles moved more slowly when
pheromone and kairomone were present in the traps (F = 6.45,
d.f. =4, 231, P < 0.0001), but without airflow there was no change
in step length among the different attractants (F = 0.52, d.f. = 4,
243, P = 0.7175) (Table 1). The significant effect of airflow appears
to be due primarily on its interaction with attractant type, and not
that beetle rate of movement was impacted by airflow alone (e.g.,
comparing no trap treatments with and without airflow).

The average turn angle, a measure of how linearly beetles
moved, was significantly different among the treatments (F = 4.05,
d.f. =9, 474, P < 0.0001), with attractant type being significant
(P = 0.0006) and airflow not significant (P = 0.1572), with
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Table 1
Movement pathway metrics calculated for Tribolium castaneum beetles responding
to different trap and attractant combinations from Experiment 1.2

Airflow Treatments Step Length Turn Angle Fractal
Attractant Type (No. cells) (degrees) Dimension
Airflow present
No Trap 0.6 +0.1a 30.7 £7.2b 1.285 + 0.021b
Empty Trap 0.7 +£0.1a 37.7 + 8.6b 1.285 + 0.030b
Kairomone 0.6 + 0.0a 34.3 + 8.1b 1.266 + 0.024b
Pheromone 0.5+ 0.05ab 84.0 £13.1a  1.396 & 0.037a
Pheromone/Kairomone 0.3 + 0.03b 90.0 +£13.0a  1.351 + 0.032ab
Airflow absent
No Trap 0.7 £ 0.1a 449 +9.8a 1.334 4+ 0.038a
Empty Trap 0.8 + 0.1a 419 + 8.6a 1.312 + 0.033a
Kairomone 0.8 +£0.1a 46.3 + 9.8a 1.293 + 0.024a
Pheromone 0.8 +£0.1a 523 +109a 1.313 +£0.029a
Pheromone/Kairomone 0.7 £ 0.1a 46.8 + 8.0a 1.344 + 0.027a

@ Letters that are different from each other within a column and grouped by
airflow treatment are significantly different from each other.

a significant interaction (P = 0.0063). With no airflow, average turn
angle was not different among the treatments (F = 0.16, d.f. = 4,
243, P = 0.9587), but with airflow there was a significant difference
among trap/attractants (F = 7.99, d.f. = 4, 231, P < 0.0001) due to
traps with pheromone alone or in combination with kairomone
having greater turn angles in the paths (Table 1). These results
suggest that beetles normally move in a relatively straight path
(small turn angles), but when the pheromone was detected, turn
angles increased resulting in a less linear path, which is consistent
with an area concentrated search. This change in turn angle could
also decrease step length since it was measured here as movement
between cells and a more convoluted path within a cell would
produce a slower rate of movement between cells.

Fractal dimension which is an overall measure of path tortuosity
was not significantly affected by the airflow and trap/attractant
treatments in the overall model (F = 1.68, d.f. =9, 471, P = 0.0919).
However, when airflow was present there was a significant differ-
ence among trap/attractants (F = 3.55, d.f. = 4, 229, P = 0.0079):
with a trend for a greater fractal dimension, decreased path line-
arity, when pheromone or pheromone/kairomone was present
(Table 1). No difference in fractal dimension was detected among
attractants under still air conditions (F = 0.44, d.f. = 4, 242,
P = 0.7810).

3.2. Experiment 2

Release distance did not significantly impact beetle encounters
with traps: no airflow and no attractant (F = 2.49, d.f. = 4, 75,
P=0.0501), no airflow and attractants present (F = 1.41, d.f. = 4, 75,
P=0.2383), airflow present and no attractants (F = 1.32, d.f. =4, 75,
P = 0.2711), and airflow and attractants present (F = 1.08, d.f. = 4,
75, P = 0.3705). Similarly there were no significant differences
among release distances in beetles that left the observation zone
(no airflow and attractants present (F = 0.18, d.f. = 4, 75,
P =0.9457), airflow present but no attractants (F = 0.11, d.f. =4, 75,
P = 0.9802), airflow and attractants present (F = 0.57, d.f. = 4, 75;
P = 0.6833)), except for the no airflow and no attractant combi-
nation (F = 3.24, d.f. = 4, 75, P = 0.0165). This significant difference
does not appear to be biologically meaningful, since
Ryan—Eiont—Gabriel-Welsch multiple range test indicated that
only the 30 and 50 cm distances were different from each other,
and they were not different from any other release distances.

Evaluation of the differences in response to traps with and without
attractants as a function of release distance can provide insight into
the active space around traps, with results showing that with airflow
the active space extended to 90 cm, maximum distance tested, but
active space was essentially zero when no airflow was present.

Beetles were significantly more likely to encounter traps with
attractants than those without attractants at all release distances
when airflow was present (Fig. 5): 10 (F=4.27,d.f.=1,30, P= 0.0474),
30 (F=10.24, df. =1, 30, P = 0.0032), 50 (F = 13.22, d.f. =1, 30,
P = 0.0010), 70 (F = 8.67, d.f. = 1, 30, P = 0.0032), and 90 (F = 7.77,
d.f. =1, 30, P = 0.0091) cm. Conversely, the proportion leaving the
observation zone was reduced with attractants in traps compared to
empty traps at all release distances (Fig. 5): 10 (F = 8.85, d.f. =1, 30,
P=0.0057),30(F="7.25,d.f.=1,30,P=0.0115), 50 (F=9.01,d.f. =1,
30,P=0.0054),70 (F=5.70,d.f. = 1,30, P= 0.0234),and 90 (F = 8.85,
d.f. =1, 30, P = 0.0057) cm. However, when airflow was not present
there were no differences in beetle encounters with traps with and
without attractants (10 (F=0.00, d.f. =1, 30, P= 1.0000), 30 (F= 0.18,
df =1, 30, P = 0.6728), 50 (F = 1.04, d.f. =1, 30, P = 0.3151), 70
(F= 035, df. =1, 30, P = 0.5560), and 90 (F = 0.35, d.f. =1, 30,
P =0.5560) cm), nor with beetles leaving of the observation zone (10
(F=1.98,d.f.=1,30,P=0.1692),30 (F=0.13,d.f. = 1,30, P = 0.7216),
50 (F = 0.53, d.f. =1, 30, P = 04725), 70 (F = 0.00, d.f. = 1, 30,
P = 1.0000), and 90 (F = 0.00, d.f. =1, 30, P = 1.0000) cm) (Fig. 5).

Proportion of observations on the side of the observation zone
with trap, even with the area on each side of the release point not
being the same in this experiment, showed no bias at any distance
under still air conditions and a significant bias to the upwind side
when trap had attractants at the furthest release distances (Fig. 5).
With airflow, GLM analysis of response to traps with and without
attractants was significant only at the two furthest release points:
70 cm (F=5.11,d.f.=1,30,P=0.0311)and 90 cm (F=5.72,d.f. =1,
30, P = 0.0232). Without airflow, response to traps with and
without attractants were not different at any release distance
(P > 0.05).

There was limited impact of release distance on the movement
pathways of the beetles, with airflow being a more significant
factor than distance. Mean step length was not significantly
different in the overall GLM model (F = 0.55, d.f. = 19, 286,
P = 0.5505). Mean turn angle was significantly different in the
overall GLM model (F = 5.27, d.f. = 19, 287, P < 0.0001), with
distance (P < 0.0001) and distance by airflow interaction
(P = 0.0026) being significant. However, distance was only signif-
icant because of larger mean turn angle when released close to the
trap (10 cm), with all other distances having a similar turn angles.
Fractal dimension was also significantly different in overall GLM
model (F = 1.81, d.f. = 19, 275, P = 0.0216), with airflow the only
significant factor or interaction (P = 0.0002). Movement pathways
were slightly less linear with no airflow (1.29 & 0.01) compared to
when airflow was present (1.22 + 0.01). At the different release
distances and airflow treatments, there were no significant differ-
ences in beetle movement pathway metrics when exposed to traps
with pheromone/kairomone or empty traps (P > 0.05), except for
step length at 90 cm release distance with airflow (F = 5.17, d.f. =1,
30, P = 0.0303).

Taken all together these results suggest that the active space in
which beetles respond to attractants in traps under still air condi-
tions is essentially zero (i.e., not detectable even when beetles
released as close as 5—10 cm from trap edge), but with air-flow
beetles are able to detect and respond to attractant over distances
of at least 90 cm. There was little detectable difference in their
movement pathways at different distances, suggesting the effect
was on the overall direction of the movement and not the rate of
movement or tendency to turn.

3.3. Retention of beetles on traps
Previous analyses focused on beetle behavior prior to encoun-

tering a trap, but here beetle retention on traps after being
encountered is evaluated using data from experiments with Dome
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traps with lids. For Dome traps with pheromone/kairomone
attractants, 95% of beetles were still on the trap at the end of the
observation period when airflow was present (n = 73) compared to
64% of beetles remaining (n = 22) when airflow was not present,
which was significantly greater (Fisher Exact Test, P = 0.0007).
However, there was no difference between airflow conditions in the
proportion of beetles remaining that were captured versus just
being present on the trap (Fisher Exact Test, P = 1.0). Insufficient

numbers of beetles encountered unbaited traps under either
airflow or no airflow conditions for further analysis.

4. Discussion
Attraction by insects to pheromones and kairomones is influ-

enced by odor plume characteristics created as a result of wind
currents and structures in the landscape. Air movement is one of
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the most important abiotic factors impacting the ability of insects
to orientate toward a source of attraction (McNeil, 1991). Tribolium
castaneum’s response to pheromone/kairomone baited traps was
strongly influenced by the presence of air moving over the trap
toward the beetle. This finding for T. castaneum in itself is not
surprising, but it does have important implications for use of these
attractants in commercial food facilities. Movement of air, both in
terms of its velocity and level of turbulence, influences factors such
as the distance that the pheromone or kairomone moves from
source, the structure of the plume, and the concentration of the
attractant at different locations around a source (Bell, 1991;
Elkinton and Cardé, 1984; Murlis et al., 1992). Movement of air can
also impact the behavior of the responder, in that it can influence
the activity levels of individuals, their ability to respond to changes
in plume characteristics, and if flight to the source is involved, then
higher wind velocity can reduce flight initiation. In the experiments
reported here, a relatively low airflow speed was used and evalu-
ation of the controls, no attractants or traps, indicated that walking
T. castaneum did not respond either positively or negatively to the
airflow itself.

Walking insects can rely solely on mechanoreceptor inputs to
provide the directional information needed to move upwind
toward a chemical attractant source (Bell, 1984). In the absence of
directional information, chemical cues can trigger behavioral
changes such as area concentrated search that can increase the
chance of encountering the source, or directional information can
be obtained by sampling at different time points during move-
ment (Bell, 1991). In the experiments reported here, potential
attractants were presented with and without directional infor-
mation due to airflow and results indicate that T. castaneum
responded strongly to pheromone cues when airflow was present,
but did not change their behavior when airflow was absent. This
was the case for not only locating the trap, but also for other
metrics such as time on trap half of the observation zone, prob-
ability of leaving the observation zone, and movement pathway
metrics that also indicate detection of attractants. This suggests
that beetles are able to use the directional information from air
movement to locate sources of attractants, but did not effectively
respond to non-directional cues. Under the airflow conditions
used in the current experiments, the active space around the trap
extended out to the maximum tested distance of 90 cm, but under
still air conditions the active space was essentially O cm. Although
there was a non-significant trend for trap encounters under still
air conditions to be greater when pheromone was present, this
was likely due to an increased likelihood of entering a trap once it
was randomly encountered.

Obeng-Ofori and Coaker (1990b) and Obeng-Ofori (1991) using
an olfactometer bioassay also reported that T. castaneum responded
to pheromone by moving upwind in a directed manner under
moving air conditions. They also reported that there was an
increase in speed, turning frequency, and turn angle with
increasing pheromone concentration with resulting paths that
tended to keep the beetle within the plume and to move more
linearly upwind. In the current study walking speed decreased with
pheromone compared to without pheromone, but results of a no
pheromone control were not reported in the earlier studies. Posi-
tional differences in beetle behavior relative to the pheromone
plume and distance from source could explain some of the differ-
ence in response since movement pathways are reported to change
with distance from the source (Obeng-Ofori and Coaker, 1990a) and
whether beetle was in a discrete or diffused portion of the phero-
mone plume (Obeng-Ofori, 1991). In addition Obeng-Ofori (1991)
reported that T. castaneum responded to increasing pheromone
concentration under still air conditions as well, with walking speed
and turn angles increasing with concentration, but in the current

study beetles did not respond under still air conditions. It is
possible under the enclosed conditions within an olfactometer
beetles responded to the pheromone, but that this might not
translate to successful trap location under more realistic conditions.

Even under the best set of conditions, the proportion of beetles
encountering traps was relatively low in these experiments (40%)
and there was limited influence of strain or sex on the response.
This low response in part reflects the challenging conditions under
which the beetles were evaluated, although these are arguably
more equivalent to those encountered in commercial food facilities.
However, most laboratory experiments also tend to show a rela-
tively low level of response by Tribolium species to pheromone
either with or without food odors. In a series of olfactometer
studies using low airflow (0.1-0.3 m/s), the percent positively
responding at the shortest exposure times was between 50 and
70% (Obeng-Ofori and Coaker, 1990a, 1990b). Olsson et al. (2006)
using a walking bioassay with airflow had percent of individuals
responding to pheromone in the 10—20% range in their experi-
ments. Duehl et al. (2011a) found the number of responders to
pheromone alone was roughly twice that to the control, but still
only approximately 50% of the individuals. This low response may
be due to lower motivation to respond to aggregation versus sex
pheromones. Low behavioral response may also be a behavioral
artifact due to a disturbance response resulting from handling of
beetles prior to experiments (Duehl et al., 2011a), with the
supposition being that under natural conditions a stronger
response could be achieved. Changes in pheromone concentration
(Obeng-Ofori and Coaker, 1990b) or blend of stereoisomers (Lu
et al,, 2011) might also improve the response to the pheromone
baited traps. The pattern of pheromone release and the resulting
plume due to trap design may also be an important factor that
needs further evaluation. Finally, the response to chemical cues
could be enhanced by incorporation of visual cues such as light
(Duehl et al., 2011c) or dark shapes (Semeao et al., 2011).

Some benefit to combining the kairomone with the pheromone
was observed in terms of the proportion of individuals encoun-
tering trap; as has been previously reported (Phillips et al., 1993).
However, the food oil alone did not appear to have any detectable
increase in attraction compared to an empty trap and the attraction
to the combined pheromone and kairomone was often similar to
the pheromone alone. This limited attraction or arrestment in
response to food-based volatiles has been previously observed
(Duehl et al., 2011a; Romero et al., 2010; Willis and Roth, 1950),
although arrestment at food may be greater when beetles can
interact physically with the material (Romero et al., 2010) and after
longer periods of starvation (Willis and Roth, 1950). In the current
study, the pheromone appears to elicit most of the T. castaneum
response. Although commercially traps widely use the combina-
tion, the benefits for attraction are weakly supported for
T. castaneum, although the food oil can play other roles including
killing insects captured in the trap. A laboratory study looking at
pheromone, food, and combination of the two reported a relatively
low response to food and pheromone alone and significantly
greater response to the combination, although it was at best an
additive effect (Phillips et al., 1993). It is also possible that the role
of the food volatiles is in the final steps of capture in the trap, since
food based oils can lead to greater captures than control mineral
oils in pitfall traps (Barak and Burkholder, 1985), but may not be
long range attractants. A decrease in the benefits of a combination
of pheromone and kairomone under more natural conditions has
been reported for Sitophilus spp., where synergistic interactions
were observed in the laboratory (Trematerra and Girgenti, 1989;
Walgenbach et al., 1987), but under field conditions the interactions
were at most additive (Hodges et al., 1998; Likhayo and Hodges,
2000).
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The role of air movement on T. castaneum response to traps has
important practical implications because commercial food facilities
are complex environments with considerable variation among trap
locations in physical and environmental conditions (Semeao et al.,
2012) and in wind speed and direction. For example, traps placed
near doors, windows, air handling systems, and zones of high
activity receive quite a bit of air movement, but traps placed behind
pieces of equipment, pallets, or other obstructions may have very
limited airflow. These out of the way locations are often where traps
for monitoring T. castaneum are placed. Traps also tend to be placed
along walls or in corners where beetles are more likely to be
moving, but these positions can also influence the movement
patterns of air and these potential tradeoffs need to be evaluated.
Wind speed and direction is also likely to be temporally variable at
a location. These differences could create variation in ability of
beetles to detect and respond to attractants leading to differential
capture in traps that is not related to the density of active insects.
Thus the environment in which the traps are placed could have an
influence on the strength of response observed in food facilities.
Mankin and Hagstrum (1995) found that the stored-product moth
Cadra cautella (Walker), under windless conditions only responded
to a pheromone plume from a distance of approximately 40 cm,
while another moth Plodia interpunctella (Hiibner) exhibited wing
fanning, indicating detection of pheromone, at a distance of 4 m
(Mankin et al., 1980). However, the reduced active space for
walking T. castaneum under still air conditions may result in trap
encounters being essentially random, but with captures enhanced
by the lures.

A low active space around the trap does not necessarily mean
that the traps are not effective monitoring tools, since unbaited
pitfall traps are among the most frequently used methods to
sample epigeal arthropod activity (Greenslade, 1964; Southwood,
1994; Spence and Niemeld, 1994). Pitfall trap designs such as the
Dome trap baited with pheromone/kairomone have been widely
used for monitoring Tribolium species inside food facilities and have
been effective at documenting trends in populations (Campbell
et al., 2010). However, the potential variation in active space
around a trap as a function of airflow pattern variation within
a facility, does raise some issues regarding optimal trap placement
and how to interpret the results of monitoring programs. For
example, two locations with the same level of insect activity could
get two very different levels of beetle capture if one had still air and
the other was near a source of air movement. While the potential
influence of this factor needs further evaluation, results suggest
that placing traps near locations with airflow could increase their
effectiveness and documenting air movement patterns, both speed
and direction, could improve interpretation of monitoring data.
Ultimately devices that generate their own airflow might be
incorporated into trapping programes.

Overall, the experimental design developed here for evaluating
insect response to pitfall type traps used in food facilities provides
a good framework for assessing insect response to these devices. It
incorporates some of the complexity of monitoring within
commercial food facilities, while enabling controlled conditions
and replication. An open arena with single beetle releases more
accurately depicted the strength of the response to baited traps.
Although a range of metrics were measured in the current study,
the simple metric of trap encounters provided as reliable an indi-
cator of response as any of the others. This will make performance
and analysis of future experiments simpler and similar to other
laboratory assays described above while still providing a more
realistic test of the strength of the response and providing the
flexibility of more detailed analysis if needed. Under these simu-
lated field conditions, results indicate that a pheromone and kair-
omone combination was the most effective at increasing beetle

encounters with a trap, but the highest level of response for any
group of beetles and conditions was in the 40—60% range. There is
room for improving this level of response as well as a need to
evaluate how other biotic and abiotic factors impact the response of
this important pest of the food industry.

Acknowledgments

I am grateful for the technical assistance provided by Richard
Hammel, Brian Barnett and Michelle Hartzer and for the helpful
comments offered by Adrian Duehl on an earlier version of this
manuscript. Mention of trade names or commercial products in this
publication is solely for the purpose of providing specific infor-
mation and does not imply recommendation or endorsement by
the U. S. Department of Agriculture. USDA is an equal opportunity
provider and employer.

References

Arbogast, R.T,, Kendra, P.E., Mankin, R.W., McGovern, J.E., 2000. Monitoring insect
pests in retail stores by trapping and spatial analysis. Journal of Economic
Entomology 93, 1531-1542.

Arbogast, R., Kendra, P.E., Chini, S.R, 2003. Lasioderma serricorne (Coleoptera:
Anobiidae): spatial relationship between trap catch and distance from an
infestation product. Florida Entomologist 86, 437—444.

Arbogast, R.T., Chini, S.R., McGovern, J.E., 2005. Plodia interpunctella (Lepidoptera:
Pyralidae): spatial relationship between trap catch and distance from a source
of emerging adults. Journal of Economic Entomology 98, 326—333.

Arnaud, L., Lognay, G., Verscheure, M., Leenaers, L., Gaspar, C., Haubruge, E., 2002. Is
dimethyldecanal a common aggregation pheromone of Tribolium flour beetles?
Journal of Chemical Ecology 28, 523—532.

Arthur, FH,, Jenson, E., Campbell, J.F.,, 2011. Evaluation of catmint oil and hydroge-
nated catmint oil as repellents for Tribolium castaneum and Tribolium confusum.
Journal of Insect Science 11, 128. Available online: insectscience.org/11/128.

Barak, A.V., Burkholder, W.E., 1985. A versatile and effective trap for detecting and
monitoring stored-product Coleoptera. Agricuture, Ecosystems and Enviorn-
ment 12, 207-218.

Bell, WJ., 1984. Chemo-orientation in walking insects. In: Bell, W]., Cardé, R.T.
(Eds.), Chemical Ecology of Insects. Chapman and Hall, London, pp. 93—109.

Bell, WJ., 1991. Searching Behaviour, the Behavioural Ecology of Finding Resources.
Chapman and Hall, London.

Blotch Qazi, M.C., Boake, C.R.B., Lewis, S.M., 1998. The femoral setiferous glands of
Tribolium castaneum males and production of the pheromone 4,8-
dimethyldecanal. Entomologia Experimentalis et Applicata 89, 313—317.

Boake, C.R.B., Wade, M., 1984. Populations of the red flour beetle Tribolium cas-
taneum (Coleoptera: Tenebrionidae) differ in their sensitivity to aggregation
pheromones. Environmental Entomology 13, 1182—1185.

Burkholder, W.E., 1990. Practical use of pheromones and other attractants for
stored-product insects. In: Ridgway, R.L,, Silverstein, R.M., Inscoe, M.N. (Eds.),
Behavior-modifying Chemicals for Insect Management: Applications of Pher-
mones and Other Attractants. Marcel Dekker, Inc., New York, pp. 497—516.

Campbell, ].E,, Mullen, M.A., Dowdy, A.K., 2002. Monitoring stored-product pests in
food processing plants: a case study using pheromone trapping, contour
mapping, and mark-recapture. Journal of Economic Entomology 95, 1089—-1101.

Campbell, J.F., Toews, M.D., Arthur, FEH., Arbogast, R.T., 2010. Long-term monitoring
of Tribolium castaneum in two flour mills: seasonal patterns and impact of
fumigation. Journal of Economic Entomology 103, 991—-1001.

Chambers, J., 1990. Overview on stored-product insect pheromones and food
attractants. Journal of the Kansas Entomological Society 63, 490—499.

Collins, L.E., Chambers, J., 2003. The I-SPy Insect Indicator: an effective trap for the
detection of insect pests in empty stores and on flat surfaces in the cereal and
food trades. Journal of Stored Products Research 39, 277—292.

Collins, L.E., Wakefield, M., Chambers, ]., Cox, P.D., 2004. Progress towards a multi-
species lure: comparison of behavioural bioassay methods for multi-species
attractants against three pests of stored grain. Journal of Stored Products
Research 40, 341-353.

Collins, L., Bryning, G., Wakefield, M., Chambers, ]., Cox, P., 2007. Progress towards
a multi-species lure: Identification of components of food volatiles as attrac-
tants for three storage beetles. Journal of Stored Products Research 43, 53—63.

Collins, L., Bryning, G., Wakefield, M., Chambers, ]., Fennah, K., Cox, P., 2008.
Effectiveness of a multi-species attractant in two different trap types under
practical grain storage conditions. Journal of Stored Products Research 44,
247-257.

Duehl, AJ., Arbogast, R.T., Teal, PE., 2011a. Age and sex related responsiveness of
Tribolium castaneum (Coleoptera: Tenebrionidae) in novel behavioral bioassays.
Environmental Entomology 40, 82—87.

Duehl, AJ., Arbogast, R.T,, Teal, P.E., 2011b. Density-related volatile emissions and
responses in the red flour beetle, Tribolium castaneum. Journal of Chemical
Ecology 37, 525—532.


http://insectscience.org/11/128

22 J.E Campbell / Journal of Stored Products Research 51 (2012) 11-22

Duehl, AJ., Cohnstaedt, LW., Arbogast, R.T,, Teal, PE.A., 2011c. Evaluating light
attraction to increase trap efficiency for Tribolium castaneum (Coleoptera:
Tenebrionidae). Journal of Economic Entomology 104, 1430—1435.

Elkinton, ].S., Cardé, R.T,, 1984. Odor dispersion. In: Bell, W,., Cardé, R.T. (Eds.),
Chemical Ecology of Insects. Sinauer Associates, Sunderland, pp. 73—91.

Engsontia, P.,, Sanderson, A.P., Cobb, M., Walden, K.K., Robertson, H.M., Brown, S.,
2008. The red flour beetle’s large nose: an expanded odorant receptor gene
family in Tribolium castaneum. Insect Biochemistry and Molecular Biology 38,
387-397.

Germinara, G.S., De Cristofaro, A., Rotundo, G., 2008. Behavioral responses of adult
Sitophilus granarius to individual cereal volatiles. Journal of Chemical Ecology
34, 523-529.

Good, N.E., 1936. The Flour Beetles of the Genus Tribolium. U. S. Department of
Agriculture Technical Bulletin 498.

Greenslade, PJ.M., 1964. Pitfall trapping as a method for studying populations of
Carabidae (Coleoptera). Journal of Animal Ecology 33, 301—310.

Hodges, RJ., Halid, H., Rees, D.P.,, Meik, ]., Sarjono, ]., 1985. Insect traps tested as an
aid to pest management in milled rice stores. Journal of Stored Products
Research 21, 215—229.

Hodges, R]., Hall, D.R., Mbugua, J.N., Likhayo, P.W., 1998. The responses of Proste-
phanus truncatus (Coleoptera: Bostrichidae) and Sitophilus zeamais (Coleoptera:
Curculionidae) to pheromone and synthetic maize volatiles as lures in crevice
and flight traps. Bulletin of Entomological Research 88, 131-139.

Hughes, A.L., 1982. Attraction of adult Tribolium confusum to flour conditioned by
male conspecifics. Behavioural Processes 7, 237—253.

Levinson, H.Z,, Kanaujia, K.R., 1981. Phagostimulatory responses of male and female
Sitophilus granarius L. to newly harvested and stored wheat grains. Natur-
wissenschaften 68, 44—45.

Levinson, H.Z., Kanaujia, K.R., 1982. Feeding and oviposition behaviour of the
granary weevil (Sitophilus granarius L.) induced by stored wheat, wheat extracts
and dummies. Zeitschrift fiir Angewandte Entomologie 93, 292—305.

Levinson, H.Z., Mori, K., 1983. Chirality determines pheromone activity for flour
beetles. Naturwissenschaften 70, 190—192.

Lewis, S.M., Austad, S.N., 1994. Sexual selection in flour beetles: the relationship
between sperm precedence and male olfactory attractiveness. Behavioral
Ecology 5, 219—224.

Likhayo, P.W., Hodges, R.J., 2000. Field monitoring Sitophilus zeamais and Sitophilus
oryzae (Coleoptera: Curculionidae) using refuge and flight traps baited with
synthetic pheromone and cracked wheat. Journal of Stored Products Research
36, 341-353.

Lu, Y., Beeman, RW.,, Campbell, J.E, Park, Y., Aikins, M.J., Mori, K., Akasaka, K.,
Tamogami, S., Phillips, TW., 2011. Anatomical localization and stereoisomeric
composition of Tribolium castaneum aggregation pheromones. Natur-
wissenschaften 98, 755—761.

Mahroof, R.M,, Phillips, T.W., 2007. Orientation of the cigarette beetle, Lasioderma
serricorne (F.) (Coleoptera: Anobiidae) to plant-derived volatiles. Journal of
Insect Behavior 20, 99—115.

Mankin, RW., Hagstrum, D.W., 1995. Three-dimensional orientation of male Cadra
cautella (Lepidoptera: Pyralidae) flying to calling females in a windless envi-
ronment. Environmental Entomology 24, 1616—1626.

Mankin, RW,, Vick, KW., Mayer, M.S., Coffelt, J.A., Callahan, P.S., 1980. Models for
dispersal of vapors in open and confined spaces: applications to sex pheromone
trapping in a warehouse. Journal of Chemical Ecology 6, 929—950.

McFarlane, J.A., Warui, C., 1973. A simple technique for stored product infestation
surveys. Tropical Stored Products Information 24, 17—24.

McNeil, J.N., 1991. Behavioral ecology of pheromone-mediated communication in
moths and its importance in the use of pheromone traps. Annual Review of
Entomology 36, 407—430.

Mullen, M.A., 1992. Development of a pheromone trap for monitoring Tribolium
castaneum. Journal of Stored Product Research 28, 245—249.

Murlis, J., Elkinton, J.S., Carde, R.T., 1992. Odor plumes and how insects use them.
Annual Review of Entomology 37, 505—532.

Nansen, C., Phillips, T.W., 2003. Ovipositional responses of the Indianmeal moth,
Plodia interpunctella (Hubner) (Lepidoptera: Pyralidae) to oils. Annals of the
Entomological Society of America 96, 524—531.

Obeng-Ofori, D., Coaker, T.H., 1990a. Some factors affecting responses of four stored
product beetles (Coleoptera: Tenebrionidae & Bostrichidae) to pheromones.
Bulletin of Entomological Research 80, 433—441.

Obeng-Ofori, D., Coaker, T.H., 1990b. Tribolium aggregation pheromone: monitoring,
range of attraction and orientation behaviour of T. castaneum (Coleoptera:
Tenebrionidae). Bulletin of Entomological Research 80, 443—451.

Obeng-Ofori, D., 1991. Analysis of orientation behaviour of Tribolium castaneum and
T. confusum to synthetic aggregation pheromone. Entomologia Experimentalis
et Applicata 60, 125—133.

Obeng-Ofori, D., 1993. Behavioural responses of three stored product Coleoptera
species to extract of carob (Locust bean), Ceratonia siliqua. Entomologia
Experimentalis et Applicata 68, 9—13.

O’Ceallachain, D.P,, Ryan, M.E, 1977. Production and perception of pheromones by
the beetle Tribolium confusum. Journal of Insect Physiology 23, 1303—1310.
Olsson, P.0.C,, Ryne, C., Wallen, R., Anderbrant, O., Lofstedt, C., 2006. Male-produced
sex pheromone in Tribolium confusum: behaviour and investigation of phero-
mone production locations. Journal of Stored Products Research 42, 173—182.

Phillips, T.W,, Jiang, X.-L., Burkholder, W.E., Phillips, ].K., Tran, H.Q., 1993. Behavioral
responses to food volatiles by two species of stored-product Coleoptera, Sito-
philus oryzae (Curculionidae) and Tribolium castaneum (Tenebrionidae). Journal
of Chemical Ecology 19, 723—734.

Phillips, T.W., Cogan, P.M., Fadamiro, H.Y., 2000. Pheromones. In: Subramanyam, B.,
Hagstrum, D.W. (Eds.), Alternatives to Pesticides in Stored-Product IPM. Kluwer
Academic Publishers, Boston, pp. 273—302.

Phillips, T.W., 1997. Semiochemicals of stored-product insects: research and appli-
cations. Journal of Stored Products Research 33, 17—30.

Pierce, A.M., Pierce, H.D., Oehlschlager, A.C., Borden, ].H., 1990. Attraction of Ory-
zaephilus surinamensis (L.) and Oryzaephilus mercator (Fauvel) (Coleoptera:
Cucujidae) to some common volatiles of food. Journal of Chemical Ecology 16,
465—475.

Pinniger, D.B., 1975. A bait trap technique for assessment of stored product beetle
populations. Tropical Stored Products Information 19, 9—11.

Rietdorf, K., Steidle, J.L.M., 2002. Was Hopkins right? Influence of larval and
early adult experience on the olfactory response in the granary weevil
Sitophilus granarius (Coleoptera: Curculionidae). Physiological Entomology
27, 223-227.

Romero, S.A., Campbell, J.F,, Nechols, J.R., With, K.A., 2010. Movement behavior of
red flour beetle: response to habitat cues and patch boundaries. Environmental
Entomology 39, 919—-929.

Ryan, M.E, O’Ceallachain, D.P,, 1976. Aggregation and sex phermones in the beetle
Tribolium confusum. Journal of Insect Physiology 22, 1501—1503.

SAS Institute, 2011. SAS/STAT 9.3 User’s Guide. SAS Institute, Cary, NC.

Seifelnasr, Y.E., Hopkins, T.L.H., Mills, R.B., 1982. Olfactory responses of adult Tri-
bolium castaneum (Herbst), to volatiles of wheat and millet kernels, milled
fractions, and extracts. Journal of Chemical Ecology 8, 1463—1472.

Semeao, A.A., Campbell, J.F, Whitworth, RJ., Sloderbeck, P.E., 2011. Response of
Tribolium castaneum and Tribolium confusum adults to vertical black shapes and
its potential to improve trap capture. Journal of Stored Products Research 47,
88—-94.

Semeao, A.A.,, Campbell, ].F, Whitworth, RJ., Sloderbeck, P.E., 2012. Influence of
environmental and physical factors on Tribolium castaneum (Coleoptera: Ten-
ebrionidae) trap captures in a flour mill. Journal of Economic Entomology.

Sokoloff, A., 1974. The Biology of Tribolium. Oxford Univesity Press, Oxford.

Southwood, T.R.E., 1994. Ecological Methods with Particular Reference to the Study
of Insect Populations. Chapman & Hall, London.

Spence, J.R., Niemeld, J.K., 1994. Sampling carabid assemblages with pitfall traps —
the madness and the method. Canadian Entomologist 126, 881—894.

Stejskal, V., 1995. The influence of food and shelter on the efficacy of a commercial
sticky trap in Tribolium castaneum (Coleoptera: Tenebrionidae). Journal of
Stored Products Research 31, 229—-233.

Subramanyam, B., Wright, V.F, Fleming, E.E., 1992. Laboratory evaluation of food
baits for their relative ability to retain 3 species of stored-product beetles
(Coleoptera). Journal of Agricultural Entomology 9, 117—-127.

Suzuki, T., Sugawara, R., 1979. Isolation of an aggregation pheromone from the flour
beetles Tribolium castaneum and T. confusum (Coleoptera: Tenebrionidae).
Applied Entomology and Zoology 14, 228—230.

Suzuki, T., Kozaki, J., Sugawara, R., Mori, K., 1984. Biological activities of the analogs
of the aggregation pheromone of Tribolium castaneum (Coleoptera: Tene-
brionidae). Applied Entomology and Zoology 19, 15—20.

Suzuki, T., 1980. 4,8-Dimethyldecanal: the aggregation pheromone of the flour
beetles, Tribolium castaneum and T. confusum (Coleoptera: Tenebrionidae).
Agricultural and Biological Chemistry 44, 2519—2520.

Toews, M.D., Arthur, FH., Campbell, J.F, 2005. Role of food and structural
complexity on capture of Tribolium castaneum (Herbst) (Coleoptera: Tene-
brionidae) in simulated warehouses. Environmental Entomology 34,
164—169.

Trematerra, P., Girgenti, P., 1989. Influence of pheromone and food attractants on
trapping of Sitophilus oryzae (L.) (Col. Curculionidae): a new trap. Journal of
Applied Entomology 108, 12—20.

Trematerra, P., Fontana, F.,, Mancini, M., 1996. Effects of accumulate dead and alive
insects in trap on the capture of Tribolium castaneum (Herbst). Anzeiger fuer
Schaedlingskunde Pflanzenschutz Umweltschutz 69, 3—9.

Trematerra, P,, Sciarreta, A., Tamasi, E., 2000. Behavioural responses of Oryzaephilus
surinamensis, Tribolium castaneum, and Tribolium confusus to naturally and
artificially damaged durum wheat kernels. Entomologia Esperimentalis et
Applicata 94, 195—-200.

Verheggen, F, Ryne, C, Olsson, P.O., Arnaud, L, Lognay, G. Hogberg, H.E.
Persson, D., Haubruge, E., Lofstedt, C., 2007. Electrophysiological and behavioral
activity of secondary metabolites in the confused flour beetle, Tribolium con-
fusum. Journal of Chemical Ecology 33, 525—539.

Wakefield, M., Bryning, G., Chambers, J., 2005. Progress towards a lure to attract
three stored product weevils, Sitophilus zeazais Motschulsky, S. oryzae (L.) and S.
granarisu(L.) (Coleoptera: Curculionidae). Journal of Stored Products Research
41, 145-161.

Walgenbach, C.A., Burkholder, W.E., Curtis, M.J., Khan, Z.A., 1987. Laboratory trap-
ping studies with Sitophilus zeamais (Coleoptera: Curculionidae). Journal of
Economic Entomology 80, 763—767.

Willis, E.R., Roth, L.M., 1950. The attraction of Tribolium castaneum to flour. Journal
of Economic Entomology 43, 927—932.



	Attraction of walking Tribolium castaneum adults to traps
	1. Introduction
	2. Materials and methods
	2.1. Experimental arena
	2.2. Experimental protocol
	2.3. Statistical analysis
	2.4. Experiment 1: influence of strain, sex, and presence or absence of air movement on response to Dome traps with different co ...
	2.5. Experiment 2: influence of release distance on response to Dome traps

	3. Results
	3.1. Experiment 1
	3.2. Experiment 2
	3.3. Retention of beetles on traps

	4. Discussion
	Acknowledgments
	References


