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Tribolium castaneum (Herbst), the red ﬂour beetle, is a major pest of food facilities and is typically
monitored using traps that capture walking individuals. In ﬂour mills the accumulation of residues of
ﬂour on surfaces has the potential to inﬂuence beetle movement and response to trap attractants.
Different ﬂour residue landscapes of habitat (ﬂour) within a matrix of no ﬂour with the following
characteristics were created: low abundance (10% coverage) and fragmented distribution, high abundance (30% coverage) and fragmented distribution, low abundance and clumped distribution, high
abundance and clumped distribution, 0% coverage, and 100% coverage. Response of individual beetles to
traps placed on top of these landscapes was evaluated; traps were either baited with aggregation
pheromone and kairomone or contained no attractants. Encounters with the two types of traps were not
signiﬁcantly different for any of the speciﬁc landscapes, but greater numbers tended to encounter traps
with attractants on fragmented landscapes and 100% ﬂour landscapes. Combining landscape types, the
proportion of beetles encountering pheromone þ kairomone-baited traps (0.61) was not greater than the
proportion encountering empty traps (0.50). However, when combining just the fragmented landscapes
there was a signiﬁcantly greater response to traps with attractants (78%) than traps without (50%), but no
difference in response on the combined clumped landscapes. Movement pathways, analyzed using video
recordings of beetles, showed a general trend for 0% and 100% habitat landscapes to be most different
from each other and 10% and 30% habitat landscapes tended to group together, but only for maximum
distance traveled in an interval, velocity, and mean turn angle were signiﬁcant differences observed.
Results suggest that fragmented landscapes may have some impact on beetle response to attractants, but
a potential mechanism for this needs further evaluation.
Published by Elsevier Ltd.
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1. Introduction
Tribolium castaneum (Herbst), the red ﬂour beetle, is a major
pest of food facilities, such as mills, manufacturing plants, warehouses, and retail stores (Campbell et al., 2010). Traps used to
monitor T. castaneum inside food facilities are typically pitfall
designs that capture walking individuals and are baited with
aggregation pheromone and food-based kairomone lures
(Burkholder, 1990; Chambers, 1990; Mullen, 1992; Phillips, 1997;
Phillips et al., 2000; Campbell, 2012). How T. castaneum respond to
commercially available traps and attractants may be inﬂuenced by
the landscape of physical and environmental conditions at the
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locations where traps are placed inside a food facility. Semeao et al.
(2012) found that trap locations within a ﬂour mill with larger
captures tended to have greater ﬂour dust accumulation, higher
temperatures, and closer proximity to milling equipment. Romero
et al. (2009) found that T. castaneum movement patterns were
inﬂuenced by the distribution pattern of ﬂour accumulations.
Presence of food in the environment has also been shown to reduce
T. castaneum captures in traps (Stejskal, 1995). These ﬁndings
suggest that accumulation of food material such as ﬂour on surfaces
might inﬂuence how beetles interact with traps placed out to
monitor them. If this is true it could inﬂuence the effectiveness of
pheromone þ kairomone-baited traps and impact how captures
should be interpreted in different types of environments.
During milling and other manufacturing processes, ﬁne particles of grain-based material can be produced and released into the
air and these particles can settle and accumulate on surfaces. In
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addition, grain-based material can be released onto surfaces during
equipment operation, mechanical failures, or cleaning, and result in
spillage accumulations on surfaces. The milling of wheat kernels
into ﬂour is a process that especially tends to produce a large
amount of ﬂour dust and spillage, and accumulations of this
material can be an important resource supporting populations of
T. castaneum within ﬂour mills. Housekeeping to remove these
accumulations of food material at regular intervals is an important
component of a food facility sanitation program, but at any given
time surfaces may have a residue of food material. This food residue
can directly impact insect captures since it can coat sticky surfaces
or ﬁll pitfall traps and therefore reduce trap efﬁcacy. The development of covers for pitfall traps used in food facilities is a result of
this issue. However, food residues may also indirectly impact
captures in traps through their inﬂuence on insect movement
(Romero et al., 2009) and nutritional status (Fedina and Lewis,
2007).
Landscape structure, the amount and distribution of a habitat
type, can have an impact on an organism’s foraging behavior. The
residue of food material on surfaces within a food processing
facility, which can be considered as habitat for T. castaneum, can
have its own spatial structure of presence and absence and depth of
accumulations (Semeao et al., 2012). Neutral landscape models
have been used to investigate how T. castaneum respond to spatial
pattern in habitat abundance and distribution, and shown that
beetles move more slowly and tortuously as the individual patches
of ﬂour habitat change from clumped to fragmented in distribution
and as a result beetles tend to remain longer within individual
patches of ﬂour and on landscape as a whole (Romero et al., 2009).
Thickness of ﬂour residue patches also inﬂuenced T. castaneum
movement, particularly in terms of movement across patch edges
and time spent in patches of ﬂour (Romero et al., 2010). Given that
ﬂour residue pattern inﬂuences beetle movement, as revealed
using neutral landscape models, it may also inﬂuence the probability of beetles encountering monitoring traps when placed in food
facilities.
Walking T. castaneum exhibit a behavioral response to food and
aggregation pheromone, and traps targeting walking individuals
typically use a combination of these two types of attractants. The
aggregation pheromone, 4,8-dimethyldecanal, is produced by
feeding males and is attractive to both sexes (Suzuki, 1980; Suzuki
et al., 1984). The pheromone occurs in four different forms and is
released by males at a 4:4:1:1 [(4R,8R):(4R,8S):(4S,8R):(4S,8S)] ratio
(Lu et al., 2011). Multiple studies have evaluated how T. castaneum,
and Tribolium confusum Jacquelin DuVal which shares the same
pheromone (Suzuki and Sugawara, 1979), respond to pheromone
(Sokoloff, 1974; Ryan and O’Ceallachain, 1976; O’Ceallachain and
Ryan, 1977; Levinson and Mori, 1983; Boake and Wade, 1984;
Barak and Burkholder, 1985; Obeng-Ofori and Coaker, 1990; ObengOfori, 1991; Lewis and Austad, 1994; Olsson et al., 2006; Verheggen
et al., 2007; Duehl et al., 2011; Campbell, 2012). Tribolium castaneum and T. confusum also respond to food odors (Willis and Roth,
1950; Phillips et al., 1993), but attraction to ﬂour appears to be
negligible (Hughes, 1982; Romero et al., 2010). The response to
pheromones by T. castaneum can be increased by addition of food
odors, but the increase in response appears limited (Phillips et al.,
1993; Campbell, 2012). However, these studies have only evaluated beetle response under simpliﬁed conditions where there was
little potential for landscape features and competing attractants to
inﬂuence the strength of the response.
The food volatile, gustatory, and physical cues associated with
a landscape containing ﬂour could impact Tribolium spp. response to
pheromone and kairomone attractants in traps, but the nature of
this impact is difﬁcult to predict. Flour accumulations may enhance
captures through the interaction of pheromone and food odors
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increasing attraction or through inducing a more tortuous search
path that retains beetles in the vicinity of the trap. Alternatively,
ﬂour accumulation could reduce captures in traps by reducing
probability of encounter either by presenting competing attractants
or by limiting beetle dispersal distance. Campbell (2012) described
an experimental approach for evaluating response to traps that
provides a realistic evaluation of the strength of insect response
under simulated ﬁeld conditions. A modiﬁcation of that approach is
used here to assess how ﬂour residue pattern inﬂuences beetle
response to pheromone þ kairomone-baited traps, using neutral
landscape models of ﬂour distribution originally developed by
Romero et al. (2009). Still air conditions were used in this study, even
though attraction to traps is stronger under moving air conditions
(Campbell, 2012), so that results could be more directly compared to
conditions in Romero et al. (2009) and because this represents
conditions typical of trap locations in ﬂour mills.
2. Materials and methods
Tribolium castaneum originally collected from a ﬂour mill within
two years of conducting the study, was maintained on wheat ﬂour
and brewers yeast (5% by weight) in an incubator set at 25  C, 65%
rh, and 14:10 light:dark cycle. Beetles between two and three
weeks after adult emergence were collected for use in experiments.
Beetles were transferred individually to 30 ml clear plastic cups (Jet
Plastica Industries, Hatﬁeld, PA) that contained ﬂour and cracked
wheat sufﬁcient to just cover the bottom of the cup. Beetles were
held for approximately 48 h in an incubator under conditions
described above prior to start of experiments.
The experimental arena simulated the ﬂoor/wall junction along
which traps are typically placed when used for monitoring. The
arena consisted of a ﬂoor made from a 61 cm by 61 cm piece of
particle board that had been spray painted white and a wall made
from a piece of white laminated board (61 cm long  20 cm wide  1.5 cm thick). The smooth laminate coating on the wallboard
prevented beetles from climbing. The ﬂoor was covered with
a piece of white paper cut large enough to extend slightly over the
sides of the ﬂoor. Then the wall was placed standing on its side
perpendicular to the ﬂoor, and aligned along north edge of ﬂoor.
Tape was used to mark off a 50 cm by 45 cm observation zone, with
one 50 cm edge being the wall.
Different ﬂour residue landscapes (50  50 cm) of habitat
(unbleached white ﬂour) and matrix (no ﬂour) developed in
Romero et al. (2009) were used in this experiment. Experimental
landscapes consisted of two grain sizes (2  2 and 10  10 cm)
within two levels of habitat abundance (10 and 30% coverage of
landscape), with four different random maps created for each
abundance by grain size combination using RULE software program
(Gardner, 1999). Holding the landscape extent constant while
varying grain size produced landscapes with different degrees of
habitat aggregation (i.e., fragmented and clumped), with speciﬁc
landscape characteristics described in detail in Romero et al.
(2009). Additional landscapes with 0% and 100% ﬂour were also
included in experiment. Heavy cardstock templates of each landscape pattern with cutouts for cells with ﬂour were used to create
these patterns of ﬂour habitat patches (see Romero et al. (2009) for
detailed description). The appropriate cardboard template for
a given treatment was aligned next to the wall in the experimental
area and centered within observation zone. Flour was applied
evenly over the template and paper covering the ﬂoor to a depth of
approximately 1 mm using a 60 mesh sieve to distribute the ﬂour.
The template was then removed to create the pattern of ﬂour and
matrix on the ﬂoor. Between each experimental replication the
paper and ﬂour were removed and replaced with a new piece of
paper and a new ﬂour landscape pattern.
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In all experiments, insect response to either a StorgardÒ DomeÔ
trap with attractants (kairomone oil and pheromone lure for
T. castaneum) (Trece, Adair, OK) or trap without attractants as
a control was evaluated. Attractants were added to traps at least
one day before the trial was to be conducted and the same pheromone lure and kairomone oil was used in multiple trials over
a one-week period and then replaced. The trap was placed at the
northeast corner of the observation zone and touching the
wallboard.
Twelve treatment combinations were evaluated: traps with or
without attractants combined with 0%, 10% and 30% fragmented
(2  2 cm cells), 10% and 30% clumped (10  10 cm cells), or 100%
habitat landscapes. On a given day, twelve trials were performed
with one replicate of each treatment combination, with the order of
treatment combinations randomized. For each of the fragmented
and clumped landscapes, one replicate of each landscape template
(four patterns) and orientation (each side of the template ﬂush with
the wallboard) was performed. A total of 16 replicates were performed for each treatment combination, with one replicate performed per day. Environmental conditions were measured
immediately before each replicate, with air temperature and relative humidity measured 1 cm and 4 cm above the ﬂoor surface,
respectively, using a handheld weather meter (Kestrel 3000,
Nielsen-Kellerman, Boothwyn, PA USA). An Atkins Series 396K
thermometer (Atkins Technical, Gainesville, FL USA) was used to
measure surface temperature. Mean environmental conditions
during experiments were 24.8  0.1  C air temperature,
24.8  0.1  C surface temperature, and 27.2  0.3% rh.
Beetles were released, one per replicate, by placing a beetle in
a glass 3.7 ml vial and upending the vial at the midpoint of the
observation area and approximately 2 cm away from the wall. This
release distance was 15 cm from the edge of the trap. The beetles
were left conﬁned within the upended vial for 3 min to acclimate.
After this period, the vial was removed and beetles were observed
until they left the observation area, encountered the trap, or
a period of 5 min had expired. The outcome of each replicate was
recorded so that proportion of beetles responding could be calculated. The sex of the beetles was determined after experiment, with
results indicating that 105 females and 87 males were tested (sex
ratio of 0.55). Campbell (2012) did not ﬁnd a signiﬁcant difference
between sexes in response to attractants in traps.
All trials were video recorded from time of beetle release to
observation termination so that movement pathways could be
measured and analyzed. A video camera (XL1 Digital Video
Camcorder with 16x Zoom XL 5.5e88 mm lens, Canon, Lake
Success, NY USA) was attached to the arm of a stand and positioned
pointing straight down at observation zone. The position of the
camera was the same in all trials, and the ﬁeld of view enabled the
whole observation zone to be visible. For analysis, the analog
recordings were converted using Studio Plus software (version
9.4.3, Pinnacle Systems, Mountain View, CA USA) into digital MPEG
format ﬁles. The digital ﬁles were then imported into EthoVision
3.0 software (Noldus Information Technology, Leesburg, VA USA).
Within the EthoVision software, a rectangular area 50 cm long
(with wall as one side) and 45 cm wide was deﬁned using the tape
marks on the boards as guides. This observation zone was the
largest possible while still enabling reliable tracking of beetles. A
point was deﬁned at the center of the trap and used to determine
the average distance of beetle from trap. The trap itself was deﬁned
as a hidden zone since beetles could not be observed after passing
under the lid of the trap. For beetle detection the ‘subtraction’
setting was used, and objects darker than the background were
detected using a minimum pixel size of 4 and maximum pixel size
of 40. A scan window was used with the default settings, and the
option of searching the whole window was selected. The option to

use the last measured position when the software could not detect
beetle at a given time point was selected in EthoVision. Once
program was determined to be tracking reliably in the preview
mode, the paths were measured and analyzed. The following
metrics were calculated for each replicate: average distance from
the trap (cm), total distance traveled (cm), maximum distance
traveled in an interval (cm), velocity (cm/s), heading (degrees),
mean turn angle (degrees), mean angular velocity (degrees/s),
relative meander (degrees/cm). Relative meander is a measure of
the signed direction of turning per unit distance and ranges
from 180 to 180 degrees/cm.
Proportion of individuals encountering trap and leaving the
observation zone were compared among treatments using
contingency table analysis and chi-square tests (Zar, 1999). Differences in movement pathway metrics were evaluated using General
Linear Models (GLM) procedure and Ryan-Einot-Gabriel-Welsch
multiple range test (SAS software v. 9.2, SAS Institute, Cary NC).
3. Results
Most beetles found the trap or left the observation zone during
the 5 min observation period, with beetles remaining in the
observation zone only if there was ﬂour present (Fig. 1). Encounters
with traps with attractants compared to traps without attractants
were not signiﬁcantly different for any of the speciﬁc landscape
treatments (chi-square tests, P > 0.05), but a greater number of

Fig. 1. The number of individual Tribolium castaneum captured in trap with or without
attractants (pheromone and kairomone), that leave observation zone, or remain in
observation zone for a 5 min period on different landscape patterns of ﬂour deposition
(0, 10, 30, or 100% coverage with ﬂour and ﬁne or course grain cell sizes to create
clumped or fragmented distributions of the 10 and 30% ﬂour coverage landscapes).
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ManneWhitney rank sum test, P > 0.05) even though in earlier
analysis trap encounters were signiﬁcantly greater. There were also
no differences between treatments with and without attractants on
the combined clumped landscapes (t-test or ManneWhitney rank
sum test, P > 0.05). Combining the traps with and traps without
attractants, none of the pathway metrics differed between the
fragmented and clumped landscapes or between the two habitat
abundance landscapes (t-test or ManneWhitney rank sum test,
P > 0.05), except that the maximum distance moved in an interval
was greater on the 30% coverage (0.61  0.02 cm) than the 10%
coverage (0.53  0.02 cm) landscapes based on a ManneWhitney
rank sum test (U ¼ 1434, d.f. ¼ 1, P ¼ 0.007).

beetles tended to encounter traps with attractants on the fragmented landscapes and the 100% ﬂour landscapes (Fig. 1). These
two landscapes are functionally similar to each other based on
earlier research by Romero et al. (2009). For the combined landscape types, the proportion of insects encountering traps baited
with pheromone and kairomone (0.61) was not greater than the
proportion encountering empty control traps (0.50) (c2 ¼ 2.11,
d.f. ¼ 1, P ¼ 0.146).
Grouping the data by grain size and habitat amount, revealed
that only fragmentation had an inﬂuence on response to trap. On
the fragmented landscapes there was a signiﬁcantly greater
response to traps with (78%) than traps without (50%) attractants
(c2 ¼ 4.344, d.f. ¼ 1, P ¼ 0.037), but not on the clumped landscape
(53% versus 53%; c2 ¼ 0.063, d.f. ¼ 1, P ¼ 0.802). Combining replicates with and without attractants in traps, there was no difference
in percentage ﬁnding the trap between fragmented and clumped
landscapes (c2 ¼ 1.159, d.f. ¼ 1, P ¼ 0.282). There was not a signiﬁcant difference between traps with and without attractants when
data were grouped by habitat amount: 10% (66% versus 47%;
c2 ¼ 1.587, d.f. ¼ 1, P ¼ 0.208) or 30% (66% versus 56%; c2 ¼ 0.263,
d.f. ¼ 1, P ¼ 0.608) abundance. Combining replicates with and
without attractants, there was no difference in percentage ﬁnding
the trap between two habitat abundances (c2 ¼ 0.129, d.f. ¼ 1,
P ¼ 0.720).
For the pathway metrics using combined traps with and without
attractants, the general trend was that the 0% and 100% landscapes
tended to be the most different from each other and the 10% habitat
and 30% habitat landscapes tended to group together, with fragmentation levels appearing to be less important. However, only for
maximum distance traveled in an interval, velocity, and mean turn
angle were signiﬁcant differences observed (Table 1). Maximum
distance traveled in an interval is a useful metric given the variation
in rate of movement that can occur as organisms move between
matrix and habitat. The shortest mean maximum distance was on
the 100% habitat landscape (which was not different from the 10%
clumped), but there was considerable statistical overlap among the
different landscapes and none of the fragmented or clumped
landscapes were statistically different from the 0% habitat landscape. For velocity, the fastest mean velocity occurred on the 0%
habitat landscape and the slowest on the 100% habitat landscape,
with considerable overlap among the velocities on the different
fragmented and clumped landscapes. For mean turn angle, there
was considerable statistical overlap among the different landscapes, but with smallest turn angles on the 0% habitat landscape,
which has no habitat edges, and largest turn angles on the 30%
fragmented landscape, which has the largest amount of habitat
edges.
There were also no signiﬁcant differences for any of the movement pathway metrics, between fragmented landscapes (combined
10% and 30%) with and without attractants in the traps (t-test or

4. Discussion
Landscape structure has been shown to impact the ability of an
organism to successfully search for resources (With and Crist, 1995;
With and King, 1999; With et al., 2002). Typically research has
focused on how landscape structure inﬂuences how resource
patches are interconnected (Taylor et al., 1993; Wiens et al., 1997;
Moilanen and Hanski, 2001), but landscape structure could also
inﬂuence the probability of successfully encountering point sources
of attractants (e.g., pheromone- or kairomone-baited trap, calling
female, host). Landscape inﬂuences are not typically considered
when evaluating an insect’s ability to ﬁnd baited traps, but in cases
where they have been investigated, landscape pattern has inﬂuenced captures. For example, the number of mosquitoes caught in
dry ice-baited traps was inﬂuenced by spatial pattern in bloodmeal
hosts and vegetation (Lothrop and Reisen, 2001; Thiemann et al.,
2011). Understanding how the landscape where a trap is placed
inﬂuences insect response could improve the implementation and
interpretation of monitoring programs.
In interior landscapes in which stored-product insects are
monitored using traps, the physical and environmental landscape
can vary considerably among trap locations and speciﬁc features
have been shown to impact insect captures. Horizontal surfaces can
increase captures of ﬂying individuals responding to sex
pheromone-baited traps, presumably by providing surfaces for
landing prior to entering the trap (Campbell et al., 2002; Nansen
et al., 2004). For walking T. castaneum, landscape features such as
vertical edges have been shown to inﬂuence behavior (Campbell
and Hagstrum, 2002). Semeao et al. (2012) measured physical
and environmental features associated with trap locations and
their relationship with T. castaneum captures in a commercial ﬂour
mill. Variation in captures among locations and a signiﬁcant relationship between insect capture and ﬂour dust accumulation was
found. Movement behavior of T. castaneum has also been shown to
be inﬂuenced by the distribution of ﬂour resources (Naylor, 1961;
Lavie and Ritte, 1978; Campbell and Hagstrum, 2002; Campbell and
Runnion, 2003; Romero et al., 2009). The relatively weak attraction

Table 1
Movement pathway metrics for individual T. castaneum adults on different landscape types containing traps with and without attractants.
Landscape

Mean distance Total distance Maximum distance traveled Velocity
from trap (cm) traveled (cm) in an interval (cm)
(cm/s)

0%
10% fragmented
10% clumped
30% fragmented
30% clumped
100%
GLM analysis
F
d.f.
P

23.1
20.1
21.7
19.8
19.6
21.0








1.04
5, 186
0.3937

1.5
1.3
1.3
1.1
1.3
1.2

46.7
62.9
55.7
78.6
70.8
59.1








1.90
5, 183
0.0969

6.6
10.1
6.5
9.2
8.7
7.5

0.57
0.57
0.49
0.58
0.63
0.46








4.89
5, 184
0.0003

0.02
0.03
0.03
0.03
0.03
0.03

ab
ab
bc
ab
a
c

0.9
0.7
0.8
0.7
0.7
0.6








0.1
0.0
0.0
0.0
0.0
0.0

3.70
5, 183
0.0032

Heading
(degrees)
a
abc
ab
bc
abc
c

202.6
228.8
203.0
235.5
219.7
202.5








0.62
5, 182
0.6837

18.1
16.6
19.8
17.2
20.1
20.9

Mean turn
Mean angular velocity Relative meander
angle (degrees) (degrees/sec)
(degrees/cm)
42.9
43.7
42.9
57.1
53.6
54.0








3.22
5, 182
0.0082

3.2
4.0
3.2
5.1
4.5
4.9

b
ab
ab
a
ab
ab

46.9
58.9
48.0
75.1
71.5
62.6








0.75
5, 182
0.5886

13.7
10.4
10.4
17.4
14.4
13.3

86.4
92.9
86.6
131.3
117.0
111.4
0.55
5, 182
0.7359








27.5
18.1
19.4
32.4
24.5
24.7
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to volatile aggregation pheromone and kairomone cues under still
air conditions (Campbell, 2012) and weak response to ﬂour volatiles, but a strong response to ﬂour patch edges (Romero et al.,
2009; Romero et al., 2010), suggests that the physical landscape
of ﬂour residues may inﬂuence encounters with traps.
In the current study, overall there was no increase in trap
encounters with the presence of attractants in the trap, which is
consistent with earlier ﬁndings under still air conditions (Campbell,
2012). However, increased response to traps with attractants
compared to those without was observed on the ﬁne-grained or
fragmented landscapes: a trend for more encounters on the individual landscapes, particularly on the 30% habitat and fragmented
landscape, and a signiﬁcant increase when the two habitat abundance levels were combined. Movement pathway metrics were not
signiﬁcantly different on the fragmented landscapes compared to
the clumped landscapes. However, although not signiﬁcant, turn
angles and meander tended to be greatest on the fragmented
landscapes. Thus, there was not a detectable behavioral change in
their movement pathways that might generate this difference in
trap encounters on fragmented landscapes.
There are physical differences among the landscape types used in
this study that were previously found to be associated with changes
in beetle behavior. For example, Romero et al. (2009) reported that
there was a 20-fold increase in the number of habitat patches in
fragmented landscape compared to the clumped landscape. As
landscapes became more fragmented and habitat abundance
increased, landscapes had signiﬁcantly more edges and distance
between patches decreased. Beetles moving in fragmented landscapes encountered a high number of edges and did not travel as far
between edge encounters. This resulted in beetles that traveled at
a slower rate and had a more complex movement pathway.
However, in the current study, signiﬁcant differences in the movement pathway metrics were not observed between different levels
of fragmentation and abundance, where differences occurred typically the 100% ﬂour landscape was different from other treatments.
Differences between the current and the earlier Romero et al. (2009)
study might be due to the longer time frame of the observations,
different arena used, or the more detailed path metric analysis used.
While, as discussed above, encounters with traps with attractants were greater than traps without attractants on fragmented
landscapes, encounters with traps without attractants appeared
more similar among the different landscape patterns. Given the
small active space under still air conditions reported in Campbell
(2012), landscape inﬂuences on trap encounters were predicted
to be similar regardless of attractants. The lack of signiﬁcant
inﬂuence of landscape fragmentation on movement pathway
metrics, suggests that fragmented landscapes may be either inﬂuencing how beetles respond to the volatile attractants rather than
just physically changing their movement pathways, or generating
changes in movement pathways that were not detectable in the
current analysis. A beetle’s perception of fragmentation may lead to
a change in its response to aggregation pheromone, although the
speciﬁc mechanism for this is not apparent. Tribolium castaneum
does adjust patterns of oviposition in response to spatial pattern in
resource (Campbell and Runnion, 2003; Romero, 2007), indicating
that they can perceive differences in landscape structure and adjust
behavioral responses other than just movement. Alternatively,
differences in movement pathways may have occurred but were
not detected either because individual variation covered up
differences or changes in behavior resulting in differences in trap
encounters may have only been expressed in close proximity to the
trap. For example, the fragmented landscapes would be more likely
to have ﬂour edges close to the trap than clumped landscapes. The
potential mechanism for this increased response to attractants
needs further evaluation.

The results of this experiment indicate that ﬂour residue pattern
had some inﬂuence on response to traps, primarily due to increased
trap encounters on fragmented landscapes. However, overall the
impacts of the ﬂour landscapes were limited suggesting that this
variable would not likely inﬂuence the detection of beetle activity.
However, if additional variables such as ﬂour thickness were
incorporated it is possible that the effects would be greater since
increasing the depth of the patch will impact tendency to enter and
leave patches (Romero et al., 2010) and perhaps more strongly
impact turn rates and probability of remaining in the observation
zone around the trap. The practical implications of these ﬁndings
relate to how sanitation activities within a food facility can
potentially impact monitoring programs. Increasing sanitation will
decrease the amount of food material available and make it more
fragmented in distribution. The ﬁndings presented here and in
earlier studies do indicate that abundance and fragmentation can
inﬂuence rate of beetle movement and probability of encountering
a trap and that the surrounding environment should be considered
when evaluating insect response to traps. Further evaluation at
larger spatial scales, longer exposure times, and including other
variables such of air ﬂow might reveal additional impacts not
detectable using the current protocol.
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