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: analysing the factors helpful in
mitigating the use of chemical insecticides for
sustainable practices in storing food product
commodities

Irengbam Barun Mangang, *a M. Loganathan, *b S. Malemnganbic and C. Indujad

Stored product insects, such as Tribolium castaneum, are responsible for significant economic losses

globally by infesting grains and processed food commodities during storage. Their life cycle—from egg

to larva, pupa, and adult—continues within the stored products, resulting in contamination, spoilage, and

depreciation of commercial value. The use of chemical insecticides recurrently reduces the commercial

value of the products. This narrative review summarizes current knowledge on pheromone-based

trapping techniques for T. castaneum, with a focus on factors that influence trap efficacy, including trap

design, environmental variables, and insect physiological states. It evaluates internal (e.g., starvation, prior

captures) and external (e.g., airflow, lighting, surface type) parameters affecting capture dynamics, while

highlighting recent innovations such as modified trap geometries and spatial mapping tools. Although

aggregation pheromones show promise for monitoring, their limited dispersal and interaction with food

odors restrict their utility for mass control. This review identifies gaps in trap standardization, pheromone

formulation, and behavioral understanding, and recommends a shift toward integrated monitoring

systems supported by IoT tools and improved trap designs. Ultimately, pheromone trapping can support

sustainable pest management by reducing dependency on broad-spectrum chemical fumigants.
Sustainability spotlight

The adoption of pheromone-based trapping systems for managing red our beetle infestations presents a sustainable alternative to chemical insecticides,
aligning with eco-friendly pest control practices. By reducing reliance on synthetic chemicals, these traps help maintain the commercial value and safety of
stored food products while minimizing environmental contamination and risks to non-target species. Optimizing pheromone trap efficiency through under-
standing internal and external inuencing factors not only enhances pest management precision but also supports long-term ecological balance and food
security. The integration of pheromone-based trapping technology aligns with the UN Sustainable Development Goals: SDG 2 (Zero Hunger), SDG 3 (Good
Health and Well-being), SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 15 (Life on Land), emphasizing its relevance in
advancing sustainable pest management, reducing post-harvest losses, and minimizing environmental and health risks associated with chemical insecticides.
1 Introduction

Stored-product pests represent a major threat to global food
security by reducing the quantity and quality of stored
commodities through contamination, infestation, and loss of
nutritional and market value. Among these, Tribolium casta-
neum (Herbst), commonly known as the red our beetle, is
a persistent pest of global importance. Due to its small size,
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rapid development, and ability to thrive in a wide range of food
commodities, it oen spreads internationally through trade and
logistics networks.1

To suppress infestation levels in warehouses and food
storage facilities, chemical insecticides such as phosphine,
deltamethrin, malathion, and pyrethrins have been extensively
employed. However, long-term use has led to a growing concern
regarding chemical residues, environmental impact, and the
evolution of resistance in pest populations.2 Additionally, these
treatments may disrupt benecial insect fauna, including
natural predators and parasitoids such as Cephalonomia tarsa-
lis, Xylocoris avipes, and Trichogramma evanescens, thereby
weakening natural pest suppression systems.

The problems addressed have emphasized the need for
different preventive measures. Insect traps are one such
preventive measure which has the potential for monitoring and
Sustainable Food Technol., 2026, 4, 153–163 | 153
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managing the stored product insects. Insect traps were initially
adopted by applying sticky materials onto papers and card-
boards. Probe traps, pitfall traps, two in one traps which are
a combination of probe and pitfall, and light traps were some of
the traps commercially available. Among these, UV light traps
are particularly effective for monitoring phototactic ying
insects in food-handling environments.3 However, they lack
species specicity and may unintentionally trap non-target or
benecial insects.

Semiochemicals (chemicals that mediate insect behavior)
have emerged as promising species-specic alternatives. In
particular, pheromones are intra-specic communication
secreted by an insect to communicate with other insects of the
same species.4 There are different types of pheromones like sex,
aggregate, alarm, food trail, epideictic, releaser, signal, primer
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and territorial.5 However, in stored product pests research, sex
and aggregate pheromones were mainly focused on. A sex
pheromone is a type of semiochemical secreted by insects of
one sex that causes a response in the opposite sex of the same
species. Extensive research over the past two decades has
explored the development, characterization, and application of
pheromone-based lures for stored-product insects including T.
castaneum.3,6–9 The males of T. castaneum produce an aggrega-
tion pheromone, 4,8-dimethyldecanal (DMD), from the exocrine
gland lying in the ventral side between the two fore femurs.10

They also reported that the males with these secretions or the
secretions alone attract conspecic insects of both sex groups.
When both sex groups of T. castaneum were exposed to aggre-
gation pheromones, there is an inhibition of ideal free habitat
selection.11

Naturally, male T. castaneum locates the food and produces
pheromones.11 The female adults of T. castaneum move towards
the pheromone searching for their partners and mates with
multiple males and oviposit at the site by controlling the post-
copulatory process.12 Both male and female T. castaneum
produce pheromones.13 However, females produce only sex
pheromones which cannot attract both sexes. Males showed
a greater response to male sex volatiles (i.e. aggregation pher-
omones) when compared with female sex volatiles.1 It was
found that aggregation pheromones can be produced only by
male T. castaneum and they can attract both sex groups.1

The target pheromones from male or female Tribolium
species can be extracted only from the virgin insects of one sex
by dissecting the abdominal section.14 The abdominal parts can
be transferred into a beaker for solvent extraction followed by
removal of the solvent. However, synthesis of these aggregate
pheromones chemically is a tedious process. Stereoisomers of
4,8-dimethyldecanal, the (4R,8R)- and the (4R,8S)- isomers
(4R,8R)-DMD and (4R,8S)-DMD, respectively, can be prepared
synthetically through a series of chemical reactions.15 The
prepared pheromone must properly mix with a high vapour
pressure solvent before deployment.16

This review focuses on the application of aggregation pher-
omones for T. castaneum, emphasizing internal and external
factors affecting trap performance, limitations in current trap-
ping systems, and future directions for sustainable pest
management. The review also discusses the broader implica-
tions of semiochemical-based monitoring in reducing reliance
on chemical insecticides in stored-product pest control.
2 Biology and chemical ecology of
Tribolium castaneum

The red our beetle, Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae), is a cosmopolitan pest responsible for signi-
cant infestations in stored and processed food commodities
worldwide. It thrives under high humidity (80–90%) and warm
temperatures (30–35 °C), completing its life cycle in just 20–24
days. Both larvae and adults damage stored grains and grain-
based products, incurring substantial economic losses.1
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Adults secrete toxic and pungent benzoquinones from their
thoracic and abdominal glands, contaminating the food and
reducing its marketability.17 This secretion not only produces
a foul odor but also has the potential to trigger allergic reactions
in humans. Their small size, rapid life cycle, and year-round
survivability further complicate pest control measures in bulk
storage environments.

Although integrated pest management (IPM) strategies are
promoted, chemical insecticides are still the most widely used
option due to their immediate effectiveness. However, these
chemicals adversely affect not only T. castaneum but also
benecial predators and parasitoids such as Amphibolus
venator, Cephalonomia tarsalis, Peregrinator biannulipes, Tri-
chogramma evanescens, and Xylocoris avipes, which naturally
help regulate pest populations.2

To reduce dependence on chemical control, recent attention
has focused on semiochemicals, including pheromones, which
are substances secreted externally by insects to communicate
with conspecics. T. castaneum primarily uses aggregation
pheromones—released from abdominal glands—to attract both
sexes. These pheromones are species-specic and operate over
short distances due to their low volatility.

While sex pheromones are common in many insect species,
T. castaneum is primarily known for its aggregation pheromone
system. Alarm pheromones, released from disturbed or dead
individuals, may also inuence behavior by deterring others
from entering the trap area. This mix of chemical signals is
essential to effective pest monitoring and trap optimization.

The behavioral ecology of T. castaneum, shaped by chemical
cues and environmental interactions, lays the groundwork for
alternative pest management strategies. Understanding how
these pheromones are produced, perceived, and manipulated is
critical for designing pheromone traps and for reducing reli-
ance on chemical insecticides.

3 Fumigation and resistance issues

Fumigation remains one of the most widely used strategies for
managing stored-product insect pests, including Tribolium
castaneum, due to its rapid knockdown effect and penetrative
ability in bulk grain masses. Phosphine is currently the most
prevalent fumigant globally, favored for its cost-effectiveness
and ease of application. However, overreliance on this chem-
ical has led to an alarming rise in phosphine resistance among
pest populations, including T. castaneum.18

The development of resistance is a multifactorial process,
inuenced by the frequency and dosage of application, envi-
ronmental conditions, and the physiological adaptations of the
pest.19,20 Resistant populations oen exhibit increased detoxi-
cation enzyme activity, reduced cuticular penetration, and
altered respiration rates—mechanisms that confer survival
advantages even under lethal exposure levels.21 As a result,
traditional dosages are no longer effective in suppressing
resistant colonies, prompting increased application rates and
prolonged fumigation cycles, which in turn pose greater health
and environmental risks. Moreover, sublethal exposure to
fumigants has been shown to alter insect behavior, potentially
© 2026 The Author(s). Published by the Royal Society of Chemistry
inuencing trap efficacy and pheromone responsiveness. In
some cases, fumigated adults exhibit reduced mobility and
altered pheromone production, which may interfere with post-
treatment monitoring strategies that rely on trap captures as
indicators of residual infestation levels. The logistical chal-
lenges of sealing large storage structures and the lack of
uniform gas distribution during fumigation also reduce treat-
ment efficacy. Furthermore, fumigants provide no residual
protection, making reinfestation likely if sanitation and moni-
toring measures are not rigorously followed.

In light of these challenges, there is a growing consensus
that fumigation should no longer be the sole line of defense.
Instead, it should be integrated with alternative methods such
as temperature treatments, controlled atmospheres, biological
control, and semiochemical-based monitoring systems. Such
integrated approaches can help delay resistance development,
reduce chemical residues in food systems, and promote more
sustainable long-term pest management solutions.
4 Pheromone traps –mechanism and
application

Pheromone traps are species-specic monitoring tools designed
to attract insects using semiochemicals—typically aggregation
pheromones in the case of Tribolium castaneum. These traps
offer a non-invasive and chemical-free approach to assess pest
presence, population trends, and spatial distribution in food
storage environments.

In T. castaneum, the aggregation pheromone consists
primarily of 4,8-dimethyldecanal, a volatile compound
produced by males and attractive to both sexes.10 This phero-
mone is typically formulated and integrated into lures placed
inside traps such as pitfall traps, storgard dome traps, and
corrugated oor traps. These designs are oen baited with
a combination of pheromones and food-based kairomones to
enhance attractiveness.

The mechanism involves insects being drawn to the odor
plume emitted by the lure. Upon arrival, the beetles fall into the
trap well or adhesive surface and are retained. Trap placement
plays a critical role in effectiveness. Traps are most effective
when placed near infestation sources, along walls, or in
undisturbed areas with minimal airow disruption. Environ-
mental conditions such as temperature, humidity, and air
currents inuence the dispersal of the pheromone plume and
consequently the success of captures.22

Pheromones provide a highly effective tool for stored
product protection as they can be used to detect or monitor the
specic species present in storage.23 Continuous monitoring
helps to detect the location and level of infestation. Mass
trapping of insects using pheromones has also been found
effectively possible in many lab studies.24,25 In this context, the
use of pheromones as a tool in IPM strategies is highly appli-
cable. Hence, it can be deduced that insect communication is
an interesting part of entomology where it can either be used to
benet humans or to appreciate the laws of nature.
Sustainable Food Technol., 2026, 4, 153–163 | 155
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Advancements in trap design, controlled-release matrices,
and multi-modal lures continue to improve the reliability and
practicality of pheromone traps in commercial storage settings.
However, further research is needed to standardize protocols
for interpretation of trap data and correlate it with actual
infestation severity.

5 Factors affecting trap performance

The efficiency of pheromone traps for Tribolium castaneum is
not solely determined by the presence of lures but is modulated
by a complex interplay of internal and external factors (Fig. 1).
Internal factors include the status of insects like whether the
insects were food deprived, dead or previously captured (Table
1). External factors include chemicals applied like whether the
traps were placed in a fumigated area, climatic conditions, trap
distance, trap design, trap colour, shape and air ow, pest
density, and presence of our (Table 2). Understanding these
parameters is crucial for interpreting trap catch data and for
designing robust monitoring programs.

5.1. Internal factors

5.1.1. Effect of previous capture. The accumulation of dead
insects in traps has been shown to reduce T. castaneum
captures. This is attributed to the release of alarm pheromones
or other decay-associated volatiles that act as repellents. Even
when an aggregation pheromone is present, the deterrent cues
from dead conspecics can override attraction, decreasing trap
efficacy. The trap baited with or without the aggregation pher-
omone is inuenced by the presence of accumulated samplings
Fig. 1 Internal and external factors affecting the capture efficiency of T

156 | Sustainable Food Technol., 2026, 4, 153–163
which were trapped. This has been observed in traps containing
alive insects and in traps with dead insects. The result showed
that the presence of dead specimens in a trap baited with or
without 4,8-dimethyldecanal has repelling behaviour leading to
reduction in trap capture. This relates to the presence of
residual alarm pheromone produced by the insects before their
death.26

In contrast, the presence of live or freshly captured conspe-
cics can increase trap attractiveness. This is especially true
when the trapped individuals are emitting aggregation phero-
mones, which reinforce group-level attraction (Athanassiou
et al., 2016). Experiments show that the probability of entry
increases when traps already contain actively signaling beetles
of the same species—suggesting positive social feedback rather
than deterrence. When the traps were seeded with the opposite
species, there was no increase in beetle captures for both T.
castaneum and T. confusum. There is an increase in the capture
of insects in the trap of two species when only one species was
released, whereas when both species were released the inu-
ence of the pheromone was less. The presence of beetles in the
trap can be inuenced by the response of beetles to the nearby
traps. The capture of T. castaneum and T. confusum tends to
increase beetle captures in traps baited with pheromones and
food oil. The trap response of a given species can be moderated
by the presence of another species in the same arena. The
relationship between the trap catch and actual insect density
may vary. The species spectrum and population density that are
recorded through the trapping may be different than the actual
spectrum as described by Athanassiou and Kavallieratos.27
ribolium castaneum in storage facilities.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Internal factors influencing capture of T. castaneum by pheromone traps

Internal factors Findings References

Effect of previous capture The capture of T. castaneum was signicantly
increased when there is previous capture

Athanassiou, Kavallieratos27

Food deprivation Starved pests moved slower towards the
pheromone than well fed pests

Romero, Campbell28
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5.1.2. Food deprivation. The ability of insects to detect
resource patches from a distance can be inuenced by many
factors. Two factors that might inuence search behaviour are
directional air movement (an exogenous factor) and food
deprivation (an endogenous factor). The beetles respond to cues
associated with air movement. When air is moving the
proportion of beetles locating the our patch will be more. In
regard to food deprivation, a greater proportion of the food-
deprived beetles are in the our patch than those that had
not been deprived because the beetles would be hungry, or in
search for the oviposition site. Food deprivation had no
signicant effect on the amount of time that the beetles spent in
the area as reported by Romero and Campbell.28

Research has shown that starvation alters the beetle's
behavioral thresholds, making even weak olfactory cues suffi-
cient to trigger movement toward a source.13 This increased
sensitivity can be advantageous for trap performance, especially
in low-infestation environments.

While airow can facilitate odor dispersal, it is the beetle's
internal physiological state—such as hunger—that largely
determines its decision to orient and commit to a stimulus.
Therefore, when deploying traps, consideration of the pest's
feeding history and local food availability is important for
interpreting variability in trap captures and behavioral assays.

5.2. External factors

5.2.1. Fumigation. Understanding the impact of fumiga-
tion and the mortality response of stored product insects helps
Table 2 External factors influencing capture of T. castaneum by its phe

External factors Findings

Fumigation Trap catches reduced by 84.6 � 4.6% a
fumigation

Presence of our T. castaneum adults spent similar amo
time in the release site 8 cm and 16 cm
from the trap

Colour of trap The number of T. castaneum captured i
trap was more than that in a white tra

Trap density Increasing the number of traps emplo
not have a signicant impact on the m
capture of T. castaneum

Climatic conditions Trap catches during winter were relativ
Distance of the trap The pheromone baited trap wasmost eff

the shortest distance tested (30 cm)
Trap design The pitfall trap was more effective than

sticky trap
Shape and air ow The square pitfall trap with a fan has th

efficiency (65.38%)

© 2026 The Author(s). Published by the Royal Society of Chemistry
in managing their infestation. An extremely potent fumigant for
disinfestation of bulk stored grains and other food commodi-
ties is phosphine gas deployed as tablets. The continued misuse
of phosphine such as short exposure times at high temperatures
or fumigation in poorly sealed enclosures has contributed to the
development of phosphine-resistant strains of T. castaneum
across the globe. These leads to development of some resistant
strains all over the world.

Campbell and Toews29 explain that the fumigation done in
mills showed good signs of an average effect of treatment and is
compatible for other studies. T. castaneum adults present in the
mill aer fumigation could result from nonmutually exclusive
general mechanisms like the survival of treatment within
structure or movement into structure aer treatment. In those
mills, insect survival evidenced a failure of fumigation as the
fumigation treatment may not have reached the target gas
concentration and time (CT). The other case is that the target CT
was inadequate to cause 100% death in tested populations.
These chemicals are effective but their resistance has already
been developed in T. castaneum.19,20 Fumigation efficacy is
typically assessed using pheromone traps in two ways: (1) by
measuring the immediate reduction in adult T. castaneum
captures following treatment, and (2) by tracking the rate of
rebound in beetle captures over time, which may indicate
surviving populations or reinfestation. This dual approach
provides insights into both the short-term and longer-term
effectiveness of fumigation.
romone trap
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The measurement of rebound patterns was highly variable
and also showed the impact of many diverse factors in pop-
ulation growth. The prospects of different factors cannot be
tested independently, so the data in different ways can be
analyzed. The analysis handled by Campbell et al. in 2010
showed a positive correlation between the number before and
number aer fumigation. The potential of reduction aer
fumigation is proportional to the number of beetles present and
there is no reduction to the baseline level. It also controlled the
densities reached before treatment. Aer fumigation, the
movement of T. castaneum in the storage facilities was quite
signicantly lowered even if the insects become resistant to
fumigants, leading to low captures in the pheromone trap.30,31

5.2.2. Presence of food baits. Stored product insects
depend on food supplies available in storage for their survival.
The movement behaviour of insects is an interesting area of
research. A male T. castaneum locates/nds the food commodity
and in turn secretes its pheromones leading to attraction of
females. A question that arises during the deployment of traps
is whether the presence of the food baits has an impact on the
capture of the insects. Although some studies have shown that
wheat our odours can enhance trap captures of T. castaneum,32

other research indicates that food odors alone are oen unre-
liable as attractants due to inconsistent behavioral responses
under eld conditions.33,34

The searching behavioural patterns represent the conux of
three factors namely the environmental characteristics and the
ability of an insect; external environmental factors to determine
resources availability and intrinsic risk; and internal factors
(deprivation or sexual receptivity). The behaviour of searching
pattern of insects can be controlled by the exibility in response
to internal and external environmental factors. The exibility is
indicated in discontinuous and continuous variability, and
permits the monotonic adaptation to assist some factors.
Insects use the resource evaluation and all information chan-
nels in their search. The insects get triggered when exposed to
food odours due to the sensory information perceived from the
external environment and internally stored genetic
information.35

5.2.3. Colour of trap. The movement of insects also
depends on colour perceived by them. Insects in general are
attracted by coloured objects because of their specic reec-
tance that stands out in a contrasting background.34 In order to
mimic the conditions of the actual events, numerous experi-
mental setups have been used. The mimics were simpler
versions and prototypes of the complexity from the actual
events. Trap color inuences beetle behavior by enhancing
visual contrast in storage environments. Several studies have
observed that T. castaneum adults show a consistent preference
for dark-colored surfaces, especially black, likely due to higher
visual contrast.34,40 However, color preference may also vary by
developmental stage, with larvae sometimes responding
differently from adults. These color effects should be consid-
ered in trap design, although their contribution is secondary to
pheromonal cues.

5.2.4. Trap density. An important component of pest
management is to understand the spatial and temporal potent
158 | Sustainable Food Technol., 2026, 4, 153–163
of insect populations. The sampling of insect population espe-
cially at low density made it difficult to solve the problem. Traps
can be used to attract the insect and to improve detection in
spite of population being scattered. To determine the optimal
trap density, the stability between the fundamental biology of T.
castaneum and applied and commercial considerations
including ability, type, economic costs and simultaneous pest
management practices was studied.36 The beetle density was
estimated to be less than 5% on average suggesting that pher-
omone traps yield the most accurate density. The trap densities
of 0.01–0.06 m2 have been successfully used in long term
monitoring studies for operating our mills in USA. Campbell
and Toews30 suggested that an increase in trap density might be
feasible in other facilities.

Trap density plays a crucial role in accurately monitoring T.
castaneum populations, especially in large and structurally
complex facilities. Studies have shown that low-density trapping
(e.g., <0.06 traps per m2) can still yield reliable data when stra-
tegically distributed.36 However, interpreting trap data also
requires understanding spatial dynamics and pest movement
behavior.41 Tools such as contour mapping42 have been effec-
tively applied to visualize infestation hotspots. Additionally,
long-term deployment in combination with spatio-temporal
modeling improves the ability to detect changes in pest distri-
bution post-treatment.27,43

5.2.5. Climatic conditions. Rajan and Muralitharan38

described the seasonal ight pattern in the bulk grain stored
areas using both beetles (Tribolium castaneum and Rhyzopertha
dominica). The seasonal ight pattern of T. castaneum differs
from that of R. dominica regarding the trapping efficiency. The
trap catches of T. castaneum adults by multidirectional ight
trap baited with aggregation pheromones showed that this
insect ies throughout the year in southern India, whereas the
ight was seasonal in northern India where it is too cold for
ight in winter, <20 °C, in New Delhi. The number of insects
trapped across the agricultural land in the north was restricted
from July to October (warmer months).

Recent studies have further shown that environmental
factors such as temperature, airow, and humidity signicantly
inuence insect responsiveness to semiochemicals, including
pheromones. T. castaneum's orientation and attraction to
pheromone traps diminish under suboptimal climatic condi-
tions, underscoring the need to tailor monitoring strategies to
local temperature and humidity proles.44

5.2.6. Pest population density. The efficiency and inter-
pretation of pheromone trap data are closely tied to the
underlying pest population density. At low densities, T. casta-
neum may encounter traps less frequently, making early detec-
tion challenging. Conversely, at high densities, traps can
become saturated or may not linearly reect actual population
trends due to behavioral saturation and competitive interac-
tions.45 Buckman and Campbell36 demonstrated that increasing
pest density leads to diminishing marginal returns in trap
captures, possibly due to physical crowding at trap entrances or
repellence from alarm pheromones released by trapped indi-
viduals. They emphasized that while traps are sensitive even at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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low densities, trap interpretation must consider biological
noise and density-dependent movement behavior.

Romero and Campbell28 further highlighted that crowding
or starvation can modify insect search patterns, leading to
variability in responsiveness to both pheromonal and kair-
omonal cues. In high-density scenarios, interspecic competi-
tion and mating pressure may also reduce responsiveness to
synthetic pheromones in traps. Moreover, Athanassiou and
Kavallieratos27 found that the presence of other conspecics in
the trap (i.e., prior captures) may alter beetle behavior, some-
times enhancing and other times reducing trap entry, depend-
ing on the sex ratio and environmental cues.

Therefore, to improve accuracy inmonitoring programs, pest
population density should be factored into both trap deploy-
ment strategy (e.g., spacing and frequency) and data interpre-
tation. In large storage environments, combining trap data with
direct sampling or contour mapping42 may yield more robust
estimates of population structure and infestation severity.

5.2.7. Trap distance. The adult response towards phero-
mone- and kairomone-baited traps is inuenced by various
factors including the distance from the attractant source, air
movement, and insect behavioral variability. Under still-air
conditions, the effective attraction range of pheromone
plumes is greatly reduced; however, when airow is present,
attractants can be perceived from much greater distances,
increasing the likelihood of successful trap encounters.7,35

A recent study by Harman and Morrison III26 compared the
effectiveness of different trap types and attractant combinations
in commercial food processing facilities in Greece. The ndings
emphasized that trap performance varied signicantly with
deployment location and airow patterns. Specically, airow
not only affected the dispersion range of semiochemicals but
also modulated beetle activity and orientation behavior. This
reinforces the importance of aligning trap positioning with air
circulation zones to optimize semiochemical delivery and
capture efficiency.

Therefore, both airow direction and spacing between traps
are critical operational parameters in large-scale facilities.
Traps should be positioned to maximize plume spread without
overlap or interference, particularly when using aggregation
pheromones with relatively short-range dispersal.

5.2.8. Design of the trap. A trap was developed by
DeCoursey46 for entrapping Tribolium confusum without the use
of pheromones. The research incorporated different food
attractants in a corrugated paper and the effectiveness was up to
a short distance. With the identication of a pheromone, the
effectiveness of the trap was increased.47,48 The most familiar
traps like pitfall traps and sticky traps were designed to adopt in
the eld for capture of eld insects.49,50

Barak and Burkholder51 developed a storgard trap by incor-
porating a plastic pitfall which contained a food bait having
insecticidal and attractant properties. The trap is made from
a rectangular corrugated board by folding to form four layers.
The rst, second and third layers had a round hole which can
hold the cup. The second and third layers were cut to form
four V shaped openings in each layer. This allowed free move-
ment of the insects. Mullen52 compared its effectiveness to his
© 2026 The Author(s). Published by the Royal Society of Chemistry
very own Savannah trap in trapping T. castaneum. He described
that the storgard trap lacks an entrapping mechanism. A base
with a sticky bottom was provided for entrapping the insects.
The insects entered through the slit openings, climbed through
the rough surface and fell down the smooth surface searching
for the pheromone and got trapped by falling in the hole.

Several commercial sticky traps have been adopted for
trapping T. castaneum with modications from the previous
traps like addition of caps to prevent dust accumulation in the
sticky parts.3,53 A commercial funnel trap developed by Cogan
and Hartley54 to capture stored product moths is also amodied
version of a savannah trap. Endeavors for effective trap design
(Fig. 2) can also be seen in recent years.3,7,27,39,55

5.2.9. Shape and air ow. One of the most important
abiotic factors that impact on the ability of insects that orient
towards the attraction source is air movement. T. castaneum's
response to pheromone/kairomone baited traps was inuenced
by the presence of air moving over the trap towards the beetle.
The beetles are able to use directional information from air
movement to locate the attractant source, but they did not
respond to the non-directional cues. Under airow conditions,
the active space around the trap extended out to the maximum
tested distance of 90 cm. The air movement of T. castaneum's
response to traps has important implications because of
commercial food facilities which have complex environments
with considerable variations among the trap locations under
physical and environmental conditions and in wind speed and
direction.35

Sajeewani and Dissanayaka39 explain that in the modied
storgard trap, the direction of corrugations in adjacent layers
changes to maintain the higher amount of pheromone inside
the trap and get more insects oriented into the cups. The rect-
angular (Fuji trap) and cone shaped (Flit-Trak) traps were ramp
and pitfall type and increased trapping as 26 and 23 percentage.
The ramp of these two traps caused increased trapping.
Different shapes would also have increased trapping efficiency.
The factors associated with improved performance include
differences in shape, rougher entry surfaces, placement of
pheromone/kairomone within the trap, covered trap tops, and
forced ventilation from an internal fan. The newly designed
traps can be tested by enhancing the potential use of these traps
in stored-product pest management.
6 Spatial distribution of T. castaneum
and pheromone trap data

Understanding the spatial and temporal distribution of Tri-
bolium castaneum in storage environments is critical for inter-
preting pheromone trap data and improving pest management.
In storage facilities, T. castaneum populations tend to be
aggregated, with certain locations consistently yielding higher
trap catches (infestation “hotspots”). For example, early work by
Arbogast and Kendra42 in retail stores used spatial trapping
maps to pinpoint localized beetle concentrations. Long-term
monitoring in our mills further shows that trap captures
exhibit strong temporal dynamics: populations oen peak
Sustainable Food Technol., 2026, 4, 153–163 | 159
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Fig. 2 Pitfall style dome traps which have a hexagonal shape (a), triangular shape (b–d) and square shape (e).39
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during warmer seasons and decline in colder periods or aer
interventions. In two U.S. mills, pheromone trap catches
increased between monitoring periods as temperatures rose,
but dropped by 70–85% immediately following fumigation,
underscoring both seasonal growth and short-term suppression
from treatment. These patterns highlight why both space and
time must be considered when analyzing trap data.

Spatial analysis tools enhance the interpretation of phero-
mone trap captures. Techniques like contour mapping have
been effectively applied to visualize pest distribution and
identify infestation hotspots from trap count data. Arbogast and
Kendra42 and Campbell and Mullen45 demonstrated that
mapping trap counts can guide the design of efficient moni-
toring grids and optimize the timing and location of interven-
tions. By overlaying trap catch data on facility blueprints,
managers can see where beetles are most active. Such spatial
mapping, especially when combined with statistical modeling,
also allows tracking of infestation changes over time – for
instance, verifying a drop in captures aer a fumigation or
detecting a rebound weeks later. Spatio-temporal analyses thus
provide a more nuanced understanding of pest movement
patterns than raw trap numbers alone.

There are several practical applications of spatial trap data
for pest monitoring and control. Pheromone trap networks
enable targeted interventions by revealing when and where to
focus control efforts. For example, a multi-mill study by McKay
and Bowombe-Toko8 concluded that trap catch patterns could
be used to decide when and where to apply treatments, helping
mill managers pinpoint the most vulnerable spots in a facility.
Trap-derived maps of beetle activity oen guide localized
actions like directed insecticide applications, sanitation
measures, or sealing of entry points around hotspot areas. Trap
data are also increasingly used to evaluate treatment efficacy.
Doud and Cuperus31 showed that monitoring trap catches
before and aer fumigation can reveal incomplete pest
suppression – in their study, fumigations signicantly reduced
T. castaneum trap counts, but captures shortly aerward indi-
cated that populations were not fully eliminated and may have
rapidly rebounded or migrated from untreated zones. This kind
160 | Sustainable Food Technol., 2026, 4, 153–163
of insight is invaluable: it can conrm whether a fumigation or
fogging worked and how long its effects last. Overall, contin-
uous spatio-temporal monitoring supports an IPM approach by
indicating if and when localized treatments are necessary.
Recent eld research in fact conrms that trap-based spatial
surveillance can substantially reduce reliance on whole-facility
fumigations, by enabling more precise, limited-area pest
control measures.56 In fact, pheromone traps serve as early-
warning sensors across a facility, directing attention to
trouble areas and allowing pest managers to act preventively
rather than reactively.

However, several limitations and considerations must be
kept in mind when using spatial analysis of trap data. Phero-
mone trap counts reect relative pest activity, not the absolute
population. Many studies show that trap capture numbers do
not always correlate well with true infestation levels.41 Traps are
excellent for detecting presence/absence and trends, but they
provide an index of pest density rather than a precise count.31

Thus, interpreting trap data should involve thresholds or
changes over time, and when possible, should be supplemented
with direct sampling to estimate actual population size.

Local conditions within a facility can skew trap captures and
must be considered in spatial analysis. For instance, a detailed
mill study found signicantly more T. castaneum in traps placed
near milling equipment, where higher temperature and our
dust accumulation created favorable microhabitats.34 Such
environmental factors (heat, food debris, shelter) can create
apparent hotspots. At the same time, broad temporal uctua-
tions oen overlay these patterns – the same study noted that
temporal variation in beetle activity oen overwhelmed the
inuence of static site features. In other words, a hotspot one
week may dissipate the next if conditions change or the pop-
ulation moves, so spatial patterns are not xed.

Obtaining meaningful spatial maps requires deploying
a sufficiently dense grid of traps. Spatial analyses like contour
mapping generally need a large number of data points for
accuracy.41 If traps are too sparse, true infestation centers can be
missed. Additionally, the aggregation pheromone of T. casta-
neum (4,8-dimethyldecanal) has a limited dispersal radius;
© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies indicate its attractive range is on the order of only a few
meters or less. This short range means traps only sample
a small area – so to effectively detect all foci, traps must be
placed relatively close together or in sufficient numbers to cover
the space. Poor trap placement or low trap density can lead to
blind spots in the spatial data.

T. castaneum behavior can also introduce biases in trap-
based measurements of spatial distribution. Laboratory arena
experiments showed that red our beetles do not roam
uniformly; they tend to accumulate in certain areas (e.g. room
corners or beneath shelving), which is where most traps in
those tests made captures.41 In the eld, beetles may follow wall
edges or stay near food patches, so trap placement relative to
these features will affect catches. Moreover, traps can become
less effective at high pest densities due to saturation or deter-
rence. If a trap contains many dead or dying conspecics, it can
repel incoming beetles via alarm odors or physical blockage.
Indeed, prior research observed that the presence of dead
insects in a trap or an excessive number of captures can either
discourage additional beetles from entering or simply reect
that the trap has reached capacity. These behavioral nuances
mean that spatial trap data must be interpreted with caution –

an area with fewer captures might be truly low in insects, or it
might be that insects avoided traps due to competitive or
repellent cues. Careful attention to trap maintenance (e.g.
removing dead insects, refreshing lures) and understanding
pest behavior (such as their tendency to harbor in refugia) are
important when analyzing the spatial patterns.

By acknowledging these considerations and combining trap
data with other information (e.g. visual inspections, product
sampling, and knowledge of facility layout), pest managers can
more reliably interpret pheromone trap results. Spatial analysis
of trap captures, despite its limitations, provides a powerful
decision-support tool for stored-product IPM: it helps locate
infestation foci, track population trends aer control actions,
and ultimately enables more timely and targeted interven-
tions.31,56 This integrated use of pheromone trapping and
spatial monitoring can improve the efficiency of pest control in
storage facilities while minimizing unnecessary chemical
treatments, aligning with the goal of sustainable pest
management.
7 Constraints, gaps and future
directions

Several technical and logistical challenges must be addressed,
including the optimal shape and size of traps, the pheromone
concentration required for maximum efficacy, and the effective
range in terms of both distance and height. Due to their volatile
nature, pheromones must be maintained at appropriate
concentrations to ensure long-term viability. To sustain their
release over extended periods, these semiochemicals may need
to be incorporated into controlled-release or encapsulated
formulations, which can enhance the efficiency of mass trap-
ping and mating disruption strategies against T. castaneum.
While pheromone-based trapping has proven effective for
© 2026 The Author(s). Published by the Royal Society of Chemistry
detection, several constraints limit its operational utility for T.
castaneum: short-range dispersal of aggregation pheromones
reduces detection radius, especially in cluttered environments;
interference from food odors, competing volatiles, and air
currents can reduce signal delity; lack of integration with real-
time decision systems limits responsiveness and undercuts
proactive pest management.

Furthermore, much of the existing research focuses on trap
color, height, and design in isolation. There is a pressing need
to understand interactive effects—e.g., how airow interacts
with trap geometry and behavioral states like starvation.
Contrary to concerns that mass trapping may be insufficient for
T. castaneum, enhanced monitoring using optimized traps can
support threshold-based interventions (e.g., localized fogging,
heat treatment, or sanitation efforts), reducing the need for
blanket fumigation.

Future directions should include: development of multi-
modal lures combining pheromones with kairomones or
microbial volatiles; controlled-release formulations that sustain
signal strength in dusty or humid conditions; integration with
IoT sensors for automated population tracking and early
warning systems; eld validation of new trap prototypes
(including y traps) under diverse facility conditions. These
strategies, together with a systems-level pest monitoring
approach, can help transition from reactive to predictive stored-
product pest management. Furthermore, despite their poten-
tial, tactics like mass trapping and mating disruption are still
not well studied for T. castaneum due to challenges with large-
scale eld application and synthetic pheromone generation.
Developing integrated pest control strategies to combat this
widespread stored-product pest requires addressing these
limitations. The use of chemical insecticides will be signi-
cantly decreased when pheromones are used.
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