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ABSTRACT

The population dynamics of Tribolium castaneum (Herbst), red flour beetle, was studied at 30°C
using long vertical columns (LVCs) (150 mm diameter and 1020 mm long) and shallow containers
(SCs) (460 mm long, 660 mm wide, and 150 mm high), containing 14 kg of whole wheat or a diet
made of whole wheat and cracked wheat in 19:1 ratio by mass. The moisture content of the wheat
or mixed diet was 14.5% (wb). Every 4 weeks and up to 24 weeks the live and dead adults were
counted in the SCs or in each section of the LVVCs. Each LVVC was separated into ten equal sections
before removing grain from the LVC. After counting, the grains were incubated at 30°C and 70%
RH for 4 wk, and emerged adults after re-incubation were counted as offspring. The adults and
offspring were mainly concentrated in the top section of the LVCs, which could be due to higher
mortality in the lower sections and the preference of T. castaneum for the surface of grain bulk.
The diet influenced the population, and the insects developed better in the cracked wheat-based
diet. The greater surface area of the container increased the multiplication and/ or survival of T.
castaneum. Insects inside SCs with larger surface area and with cracked wheat-based diet, had a

quicker population increase rate and larger carrying capacity than LVCs.

Keywords: Tribolium castaneum, red flour beetle, population dynamics, container type, diet, long

vertical container, shallow container
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1. INTRODUCTION

Almost one-third of the global food production is lost every year during various pre-harvest
and post harvest operations, and about 10-20% of the losses accounts for food grain losses during
storage (Mesterhazy et al. 2020). Although the well managed storage facilities and their proper
management ensures minimal (1 — 2% of production) storage losses in developed nations, the
developing nations experience high levels of storage losses (20 — 50% of their production) in food

grains, solely due to poorly managed storage systems (Jayas 2012).

Population dynamics studies the size and age composition of populations over time,
considering various biological and environmental factors and processes causing population
changes. Controlling stored-grain insects requires understanding of the insect population
dynamics, as it enables their accurate prediction, insect development time estimation, and
understanding the variation of individuals of each life-stage and species with respect to changing
environmental conditions (Jian et al. 2018a). Tribolium castaneum (Herbst), red flour beetle, a
secondary feeder in nature, is regarded as a ubiquitous and serious pest in stored products, owing
to their cosmopolitan distribution and rapid multiplication. Their synanthropic nature, smaller size
and shorter life cycle make them excellent subjects for population ecology studies (Pai 2019).
Numerous studies have reported the influence of major factors on their population dynamics
including grain temperature (Arthur et al. 2019b; Halliday et al. 2015; Scharf et al. 2015a),
moisture content (Dars et al. 2001), climatic variability (Tripathi et al. 2021), insect density (Duki¢
et al. 2016), quality and quantity of food ( Rustamani and Khatri 2014; Longstaff 1995), and
intraspecies and interspecies interactions (Bullock et al. 2020; Hulasare et al. 2003; Goodnight and

Craig 1996). Further, in recent years, emphasis has been given to larger patch size studies, thus



ideally representing grain storage structures as opposed to smaller scale studies ( Tripathi et al.
2021; Jian et al. 2018b). However, these studies assumed a uniform distribution of insects inside

the resource patches, irrespective of the size and surface area of the patch.

Assuming a uniform distribution of T. castaneum inside large patches could underestimate
the peak densities inside larger patches and might give an inaccurate relationship between their
density and population dynamics. Infestations of T. castaneum are usually localized to certain
locations (grain surface and edges of storage structures), due to their inactive nature (Campbell
and Hagstrum 2002), movement barriers (Jian et al. 2005), aggregation due to volatiles (Jian et al.
2012), and variable goals of patch exploitation (Campbell and Hagstrum 2002). Further, the greater
proportion of insects in the top grain bulks under favourable temperatures could imply that
increased top surface area might have some effect on its population dynamics. A larger top surface
area could be associated with relative ease in finding food and mating partners. However, it might
also result in photonegative behaviour from increased exposure area to light, and complex
intraspecies interactions including cannibalism and predation at high population densities. No
attempts have been made to understand the population dynamics of T. castaneum relative to the
variability of distribution and effects of top surface area on their population dynamics. Such studies
are crucial for determining the probability and persistence of insect populations in grain storage

structures, and designing storage structures that could limit the population growth.

The diet consumed by an insect is the key determinant for its population dynamics as it
influences its development, survival, and reproduction (Skourti et al. 2020). Tribolium castaneum
is a secondary feeder that requires a certain degree of damaged grains, with a preference for an
embryo of grain and flour. Several researchers have reported the variations in digestive activity,

life history, and physiology with different diets for T. castaneum ( Naseri et al. 2017; Fabres et al.
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2014; Sagheer et al. 2014). However, population dynamics studies done on T. castaneum in larger
patches (e.g., more than a few kilograms) are limited to whole grains as diet material ( Tripathi et
al. 2021; Atta et al. 2020), which might have some limiting effects as T. castaneum is a secondary
feeder. Although the effect of damaged grains and various dietary commodities on the population
parameters including fecundity, development, survival and population increase of T. castaneum
have been previously studied (Astuti et al. 2020; Duki¢ et al. 2016; Shafique et al. 2006; Li and
Arbogast 1991;), these studies were conducted using small quantities (patch size was < 1 kg). Such
small-scale studies do not ideally represent grain storage structures with residual grains, damaged
grains, broken fractions, and flour dust which make excellent breeding grounds for T. castaneum
and provide only limited information on their development and persistence in grain storage

structures.

In this study the population dynamics of T. castaneum was studied to determine the insect
density distributions in 14 kg wheat patches. Attempts were made to understand the effects of the

top surface area of patches and a modified diet on their population dynamics.



2. LITERATURE REVIEW

2.1 Stored grain losses due to insects

About one-third of global food production (about 1.3 billion tonnes), which is worth US$
1 trillion, is lost during postharvest operations every year (Gustavsson et al. 2011). Post-harvest
losses can occur at multiple stages in the food supply chain, with the storage stage causing the
maximum losses ( Majumder et al. 2016; Aulakh et al. 2013; Bala et al. 2010). Storage losses in
cereal grains include both quantitative (mass) and qualitative (nutrient and aesthetic) losses, which
are governed by various biotic (insects, rodents, fungi and other pests) and abiotic factors
(temperature and grain moisture content) (Abedin et al. 2012), and insect infestation is one of the
major sources of the loss. Insects are the most economically significant storage pests, due to the
difficulty in controlling them because of their smaller size, feeding behaviour, and ability to infest
grains even before harvest. Globally, 5% of stored grain is destroyed by insects (Tipples 1995).
The quantitative and qualitative damage to stored grains by insects are estimated to be around 20
— 30% in the tropical regions, and 5 — 10% in the temperate regions (Rajendran and Sriranjini
2008). Canada is the sixth largest producer (35 million tonnes (Mt) annually), and third largest
exporter (23.5 Mt annually) of wheat in the world, and experiences significant losses due to stored
grain insects and associated spoilage (Statistics Canada 2023; United States Department of

Agriculture 2023; Canadian Grain Commission 2022; Singh et al. 2009).

Stored grain damage by insects can typically take place in the form of direct consumption
of kernels, filth generation, unpleasant odour generation, webbing, depreciating the weight and
quality of grains, and making them unfit for human consumption (Lal et al. 2017; Rayhan et al.

2014). Insects also reduce seed viability and germination by damaging the seed embryos (Padin et



al. 2002). Further, they exploit the storage ecosystem and produce heat and water which are
favourable for the growth and multiplication of harmful microflora such as fungi. Their activities
increase the risk of fungal attack, mycotoxin contamination, and excess pesticide residues. The
increasing awareness among consumers for clean and safe foods has led to the setting of stringent
quality standards by most countries. The presence of two live insects in 1000 g of wheat, rye, or
triticale grades the grain as “infested”, according to the U.S. grain standards (Zayas and Flinn
1998). The Canadian grain regulations have legally defined zero tolerance for stored-food grain
insects (Canada Grain Act 1975). Nevertheless, instances of infestations in farms, primary, and
terminal elevators have been reported (Smith 1985). Tribolium castaneum is one of the most
common storage insects in Western Canada and infested 30% of bins in a survey conducted across
Manitoba (Madrid et al. 1990). They could considerably damage kernels and reduce germination
percentage in stored wheat and reduce the baking qualities of wheat flour (Edwards et al. 1991).
Infestation by T. castaneum on wheat grains reduces mass by about 9% in three months at 35 -

37°C, when the initial density was 0.16 insects per g of grains (Haq et al. 2005).

2.2 Common stored grain insect pests - classification

About 600 insect species are reported worldwide in stored products, out of which beetles
are majorly responsible for considerable grain loss (Hill 1990). Their omnipresence could be
attributed to their evolutionary adaptations (morphological, physiological, and behavioural) and
human activities that transport insects from different parts of the globe to grain storage ecosystems
(Ross et al. 2009). Stored grain insects are generally found within or moving within the bulk grain,
processing equipment, storage structures or buildings, or other resource patches. They can live at
temperatures ranging from 8 to 41°C, and inter-granular relative humidities (RH) from 1 — 99%,

with the optimum ranges of temperature and RH near 30°C, and 50 — 70%, respectively (Jayas and



White 2003). Some of the major insect pests that damage stored grains include rusty grain beetle
(Cryptolestes ferrugineus (Stephens)), red flour beetle (Tribolium castaneum (Herbst)), lesser
grain borer (Rhyzopertha dominica (Fabricius)), granary weevil (Sitophilus granarius (Linnaeus)),
and confused flour beetle (Tribolium confusum Jacquelin du Val). Among the major stored grain
insects, C. ferrugineus and T. castaneum are regarded as the principal granivores of Western
Canada. They both belong to the order Coleoptera, and are known to produce more diversified and
destructive effects, in grain as both immatures and adults are capable of damage, as compared to
the Lepidoptera (moths) (Upadhyay and Ahmad 2011). Tribolium castaneum has a higher energy
consumption than C. ferrugineus, of about 3358 J per insect at 30°C and 70% RH, and causes more
damage to stored wheat (Karunakaran et al. 2004; White 1995). Further, their cosmopolitan
distribution, rapid multiplication, natural tolerance to insecticides and ability of adults and larvae
to produce economic damage to a wide range of raw and processed commaodities (Dal Bello et al.
2018; Skourti et al. 2019), make them the most common insect pest of stored grains, oilseeds, and
food-processing facilities worldwide. Moreover, the adults of T. castaneum are noxious as they
release toxic benzoquinones (Skourti et al. 2022), and can cause several health complications
including jaundice, anaemia, and allergic skin reactions in humans (Krinsky 2019; Negi et al.

2021).

Storage pests are usually classified based on their feed and livelihood (Rees 2007), e.g.,
commodity feeders, fungal feeders, predators, parasitoids, and scavengers. Stored grain insect
species can be also categorized on their feeding behaviour as internal and external feeders. Internal
feeders are those insects that feed within the kernels, including rice weevil (Sitophilus oryzae
(Linnaeus)), maize weevil (Sitophilus zeamais (Motschulsky)), lesser grain borer (Rhyzopertha

dominica (Fabricius)), and angoumois grain moth (Sitotroga cerealella (Olivier)). They lay eggs



on the inside or surface of grains, thus spending a part or entire larval and pupal life inside grains
and emerge as adults. They cause a significant reduction in germination, which is not detectable
outside (Srivastava and Subramanian 2016). They also cause physical damage to the seed and are
often regarded as the most serious stored-wheat pests (Hernandez Nopsa et al. 2015). External
feeders feed on the surface of grains and their products externally. Their larvae typically feed on
broken grain (damaged mechanically or by other insects’ infestation), grain dust, flour, and fungi.
Examples of external feeders include the red flour beetle (Tribolium castaneum) and rusty grain
beetle (Cryptolestes ferrugineus). The geographical distribution of stored grain insects is related
to the evolutionary history and climate of the region. The global distribution of stored grain insects
is also related to the dispersal and migration of these insects. Dispersal is the natural spread of part
of a population away from its source at a time of high population density and it is often in response
to dwindling food supply, or as a behavioural quirk coinciding with weather conditions. Migration
is a larger scale movement of insect populations controlled by prevailing winds and is prominent
phenomenon in the colder regions of the world. The regions most impacted by pest migrations
include Canada, Japan, and North China. For instance, in Canada since large number of insects
cannot survive the cold winter, they arrive in early summer from USA, breed during Canadian
summer and die later in the fall after the temperature drop (Hill 1987). The tropics are characterized
by little migration due to the suitability of the climate. The mechanisms of dispersal and migration
coupled with the evolutionary history and climatic conditions, could explain the differences in
distribution of stored grain insects across the globe. Nevertheless, the majority of stored grain
insects have a cosmopolitan distribution, which could be majorly attributed to the international

trade and commerce of food grains (Naveena et al. 2015). For instance, Sinha and Watters (1985)



reported that about 85% of 105 stored grain insects listed have cosmopolitan distribution due to

the movement of food grains across continents.

2.3 Population dynamics of stored grain insects

Population dynamics is the study of the size and age composition of populations as
dynamic systems, considering various biological and environmental factors and processes causing
population changes over time. Population dynamics enables the estimation of insect development
time and variation of individuals of each life stage and species under varying environmental
conditions (Jian et al. 2018a). Further, population dynamic studies help develop alternative pest
management tools including biological control, natural chemical control, and genetic control as a
lack of information on pest populations may hamper the development of these management tools
(Campbell and Arbogast 2004). Understanding the population dynamics and the factors
influencing them will thereby help properly manage the stored-grain insects, without much
reliance on insecticides and pesticides that are associated with the risk of contaminating the food
grains and the environment. The factors influencing the population dynamics of stored grain
insects include various physical, insect and resource parameters encompassing insect species and
developmental stage, time, temperature, moisture content of food grains, amount and quality of
food, oviposition sites, insect density, number of mated females, patch size, interspecies
interactions, age, and diseases. The sections below detail how the above-mentioned factors

influence the population of various stored grain insects.

2.3.1 Insect species/ stages

Different insect species in the stored grain ecosystem vary greatly in their activity periods,

damaging potential, biology, behavior, temperatures, longevity, moisture requirements and



reproductive potential. The biology, life history traits, behavior and ecology of various stored grain
insect species are extensively reported in literature (Edde 2012; Mason and McDonough 2011,
Imura 1989). Also, different insect types contribute to population fluctuations and species
succession through their complex interactions among their roles as fungivores, granivores,
predators, or parasites (Wallace and Sinha 1981; Sinha 1973). Each storage insect species and its
different life stages exhibit different damaging potentials on stored grains based on their energy
budget. For example, S. granarius can remove the maximum gross energy from food grains, O.
surinamensis assimilates food energy most efficiently, R. dominica is the most wasteful feeder,
and T. castaneum is the most adaptive and prolific (Sinha 1982). Further, in a stored grain
ecosystem, for a certain time a given insect species has an unlimited supply of developmental
substrate and no natural enemies. The suitability of the environmental conditions determines the
insect population trends. Different insect types respond to physical environmental factors in
different ways. For example, in a study involving five major storage insects (R. dominica, T.
castaneum, C. ferrugineus, S. oryzae, O. surinamensis) it has been found that different species
grew at different rates in response to temperature and moisture conditions during storage
(Hagstrum and Flinn 1990). Likewise, different species exhibit variable cold susceptibility
depending on their behavioral, physiological, and biochemical adaptations to cold (Fields 2001).
Similarly, stored grain insects have variable tolerance levels to the modified atmosphere, in terms
of Oz and CO- concentrations, where species including R. dominica, S. granarius, are most tolerant
(could withstand <1% O> and 60 — 80% CO: in air for 3 — 5 weeks) and species including P.
interpunctella, S. cerealella, Oryzaephilus spp., and Ephestia spp. are the least tolerant (could
withstand <1% O and 60 — 80% CO: in air for 1 —5 d (Annis 1987; Bell 2014). Certain behavior

attributes that influence population, include flight, mating, oviposition, hatching of eggs, larval



development rates, foraging, pupation, and adult eclosion, which are based on the diurnal
variations and temperatures (Bell 2014), and vary with species. For instance, oviposition in species
including E. elutella (Bell 1981), E. kuehniella (Bell 1981), R. dominica (Aslam et al. 1994) and
O. surinamensis (Bell and Kerslake 1986) is stimulated by the daily onset of darkness, whereas
for species like P. interpunctella it is influenced by both light and temperature (Lovitt and

Soderstrom 1973).

Similarly, different life stages exhibit variable levels of tolerance to changes in ambient
conditions. For example, various stored product insects exhibit stage-specific susceptibility to
elevated temperatures; the younger larvae (for T. castaneum, S. paniceum) (Hulasare et al. 2010;
Mahroof et al. 2003), the older larvae (P. interpunctella, T. confusum) ( Mahroof and
Subramanyam 2006; Boina and Subramanyam 2004) and the egg stages (for L. serricorne) (Yu et
al. 2011) are considered most heat tolerant stages among various species. Susceptibility to cold
temperatures is also affected by the developmental stage. Likewise, for increasing levels of CO3,
larval stage exhibits least tolerance in O. surinamensis, whereas adult stage is the least tolerant for
Lasioderma serricorne and Stegobium paniceum (Moses et al. 2015). Understanding the tolerance
levels of each species and insect stage to various abiotic stresses, is crucial for use in bioassays

and devising strategies that completely control infestations.

Therefore, insect species/ stage is the first major factor influencing population dynamics,
owing to their variations in damaging potential, activity periods, behavior, biology, optimum
growth conditions, biological interactions, responses to fluctuating ambient conditions, and

adaptation strategies.
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2.3.2 Temperature

Stored grain insects are ectotherms whose internal temperature fluctuate with the
environment’s temperature The optimal temperature maximizes the metabolic rate, growth rate,
locomotion, and reproduction, improving growth, and survival. The temperature influences the
population dynamics of stored grain insects through its impact on development time, fecundity,
survival, movement, and spatial distribution (Arthur et al. 2019b; Mason and McDonough 2011;

Jian et al. 2002a; Flinn and Hagstrum 1998).

In general, the lower development threshold for the majority of stored grain insects is
approximately 18°C (Howe 1965). The optimum temperature for growth and development for
most stored grain insects is approximately 25 — 35°C, whereas 18 — 25°C or 33 — 35°C enables
complete development and offspring production (Fields 1992). In a study by Tripathi et al. (2021)
it was reported that increasing temperatures (from 26 to 34°C) significantly increased the offspring
number and increased peak adult densities. Similar results were reported by Eastham and McCully
(1943) on weevils where increasing temperatures (20 — 27.5°C) resulted in higher oviposition rates.
The population increase at higher temperatures, within the optimum range, could be attributed to
the increased rate of metabolism, reproductive potential, rapid egg production and higher relative
humidity associated with higher temperatures. With higher relative humidity, there is a reduction
in water loss through the insect cuticles thus resulting in higher survival rates (Salin et al. 1999).
Further, the combined effects of higher temperature and relative humidity make the grains softer
causing insects to consume more food and increase their population and density (Jian et al. 2018b;
Throne 1991). Higher temperature and relative humidity also result in mould growth, which is

advantageous for mould-consuming species like C. ferrugineus (Sinha 1965).
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Temperatures less than 13°C or greater than 35°C, will halt the development of most insects
and cause eventual death. It has been reported that lowering the grain temperatures from 20 to
14°C enables slower population growth and reduces the fitness of most stored grain insects, and
temperatures below 14°C can result in the death of insect species, particularly in immature stages
(Banks and Fields 1994). The delayed development could be due to a reduction in water activity
and relative humidity at lower temperatures (Ziegler et al. 2016). However, insects could get
acclimated to colder temperatures when exposed to gradually declining temperatures, which
increases their chance of survival by 2-10 times (Fields 1992). The cold acclimation of insects
could be prevented through rapid cooling of commodities, in the application of low temperatures
for insect control. Control strategies involving ice nucleating bacteria, a potent nucleator (either
ingested by storage insects or exposure), could raise the freezing point, and reduce the cold
hardiness of insects including C. ferrugineus and other beetle species ( Lee et al. 1992; Fields
1991). Similarly, exposure to high temperatures of about 5°C above the optimum temperature for
population will halt the development of insects and cause eventual death. The temperature,
duration of exposure, species, stage of development, acclimation, and relative humidity could
determine the survival of insects at higher temperatures and the majority of species will not survive
> 24 h at 40°C, 12 h at 45°C, and 5 min at 50°C (Fields 1992). It is reported that for each
temperature there is a cumulative period of thermal stress and after the critical exposure time, an
additional few minutes or hours at that temperature will result in the killing of all the adults (Jian
et al. 2002b). However, grain storage ecosystems are exposed to fluctuating temperature conditions
naturally, resulting in the acclimation of insects to these temperatures and thus impacting their
survivorship. Physiological acclimation or heat hardening can improve the survival of insects at

temperature of 40 — 50°C, and the survival varies among different developmental stages of insects.
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Acclimation strategies could be in the form of expression of heat shock proteins and sorbitol
(protects insects from heat shock), and biogenic amines. However, they offer thermal protection
but could also result in reproductive impairment. For instance, in T. castaneum, the expression of
the Hsp83 gene at 40°C for 1 h offers protection from heat stress. Hsp83 is also involved in
oogenesis during ovarian maturation; the increased expression of Hsp83 under heat stress, could
also imply that relatively lower expression in the ovary resulting in slower ovarian development
(Xu et al. 2010). Therefore, it can be concluded that acclimation involves both resource allocation
trade-offs and costly behavioral avoidance mechanisms demanding time and resources, thereby
compromising development, and reproduction (Gonzalez-Tokman et al. 2020). Knowledge of
mechanisms underlying cold and heat acclimation in stored grain insects, and methods to block
them is crucial since it would help synergize the control strategies under extreme temperature
conditions. Synergistical approach could greatly increase the stress response and result in higher

mortality rates (Kim et al. 2015).

The objective of thermal control methods for controlling stored grain insect populations is
to bring grain temperature at levels where the finite rate of increase of population is reduced to
zero (Evans 1982). The rate of insect population growth in a stored grain bulk is strongly
influenced by both the grain temperature and moisture content (Desmarchelier 1988). Low
temperature aeration could sufficiently kill the insects in temperate regions (like Canada and
Europe) characterized by sufficiently low ambient temperatures during winter months. However,
in the warmer regions (Australia, parts of the United States, Spain, Italy, China, India, the Middle
East, Northern and Southern Africa, parts of South America), characterized by large daily
temperature variations (low temperature at night, warm temperature at day), aeration to cool down

the grains to a lower dry bulb temperature than the ambient dry bulb temperature, would incur high
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running costs. Under such situations, considering the threshold grain or seed wet bulb temperature,
that maintains the insect population growth rate at zero, would help determine the corresponding
moisture content and seed dry bulb temperature for aeration (Wilson and Desmarchelier 1994).
Seed wet bulb temperature (SWBT) refers to the wet bulb temperature of intergranular air and
there exists a correlation between the SWBT and the population growth rate of major stored grain
insects, due to the influence of microclimate of interstitial air upon the rate of population growth.
The threshold SWBT for the major stored grain insects have been reported by Wilson and
Desmarchelier (1994). The dry bulb temperatures, corresponding to SWBT are very close to
ambient temperatures when the grains are harvested in warmer conditions (low moisture content).
The advantages of using SWBT in warmer climates include ease of aeration when the system needs
to cool the grain from warm harvest temperature to a dry bulb temperature that is closer to ambient
temperature, minimization of grain rewarming when aeration is stopped and limited moisture
migration as there is only a small temperature difference between the interior of grain bulk and
mean ambient temperature (Wilson and Desmarchelier 1994). It is also worth noting that the
SWBT and seed dry bulb temperature is very close to wet seed, and therefore using dry bulb
temperature to control insects at cool climates is effectively the same as using SWBT control.
Hence, maintaining the grain mass at the target wet bulb temperature by adopting the optimum
aeration strategy would therefore ensure population increase is zero, until the temperature or
moisture content increases (Banks and Fields 1994). Further, using SWBT models could help
determine the effect of different aeration conditions on the intrinsic growth rate and population

increase of diverse insect species (Ranjbaran and Emadi 2015).
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2.3.3Time

Stored product insect populations are significantly influenced by the storage period
(Gnonlonfin et al. 2008) because their development and multiplication under environmental
conditions need time. The general trend of stored grain insect population with respect to time is
characterized by an initial population stasis, followed by a period of continual increase till reaching
peak density and then fall over time. The initial stasis period of a species is generally determined
by its developmental time under the given environmental condition. The initial stasis periods of
various stored grain insects were reported in the literature, and were 30 to 33 days for C.
ferrugineus, and 35 to 38 days for T. castaneum (Hagstrum and Throne 1989). Following the
period of continual increase which is attributed to the high quality and quantity of food and reduced
competition (Smith 1966). Insects in a stored grain ecosystem (bulk storage) are assumed to grow
exponentially as they initially have unlimited food resources, and therefore lack density
dependence (Aspaly et al. 2007) because they can migrate to other locations. The exponential

growth trend with continuous breeding could be explained using the equation:

N/ No= e (1)

Where N; represents the population number at time t, No presents the initial population
number, t is the time period, and r is the innate or intrinsic increase rate. Many authors have
determined the innate rate of increase of a population in an unlimited environment and under
constant conditions. The population growth rate or net rate of reproduction of various storage

insects, at any given temperature and relative humidity can be hence estimated from equation 1.

One possible trend after the continuous increase, is fall in insect number or density giving

a peak number or density. This reduction in growth rate after attainment of peak density could be
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possibly due to the decline of possible niches with time, increasing competition, starvation,
cannibalism, depleted resources, increased time for searching for food, and reduced fecundity and
longevity. However, there are instances where the insect does not attain peak density due to
unfavorable ambient conditions (temperature). Whether the population continually increase or
attains a peak density over time is related to various patch (quality and quantity of food,
temperature, grain moisture content, relative humidity, volume) and insect attributes (rate of
growth, number of eggs laid, adult longevity, insect movement, competition, accumulation of
waste substances) (Jian et al. 2018b). For example, small habitat patches (< 50 g grains) reach
peak density faster than large patches (14 kg) for C. ferrugineus and T. castaneum (Tripathi et al.
2021). Nevertheless, in a grain bin insect populations rarely attain their peak density due to
unlimited resources, movement and emigration, and temperature fluctuations (Jian et al. 2018b).
For example, in commercial grain elevators in Kansas, USA, less than 20% of bins contained
economically significant insect densities (> 2 insects/ kg) (Flinn et al. 2010). In those bins, with
insect densities >2 insects/ kg, often due to migration of insects from heavily infested moved to

adjacent bins.

2.3.4 Moisture content

The stored-grain insect pests depend on their food supply for water intake. The general
observation is that up to a certain level the rate of development of stored grain insects increases
with the increase in the moisture content of the food grains, by favouring insect activity and
reproduction. The most favorable grain moisture ranges from 12-15% for insect development

(Upadhyay and Ahmad 2011).

It has been reported that moisture content has a greater impact on population growth than

temperature, with increasing moisture from 10 to 14% at 32°C resulting in increased population
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growth by 20 times over 365 days for Rhyzopertha dominica in wheat samples (Flinn and
Hagstrum 1990). Similar results were reported for C. ferrugineus where the number of eggs laid
significantly increased when the moisture content of wheat was increased from 14% to 18% (Jian
and Jayas 2009). The increase in insect population with high grain moisture content could be
correlated to the higher rate of respiration (Hayma 2003), and the increase in temperature (Lee
2000) at elevated moisture contents. Dampened grains could be more easily consumed by insects
than relatively dry grains (Surtees 1964). In high moisture diets, more of the water available in the
food is utilized for the growth of the insects than to maintain the water content in the insect body.
High grain moisture and associated high temperature also act as a precursor for the growth and
proliferation of fungi, resulting in the rapid deterioration of grains (Danso et al. 2017; Ekechukwu
and Norton 1999). The development of fungi makes the environment preferable for the growth and
development of mould consuming species like C. ferrugineus and C. pusillus (Arbogast 1991;

Wright and Burroughs 1983).

Most insects cannot survive in extremely dry conditions. However, storage beetles are
capable of breeding on grains containing floury dust, and broken kernels irrespective of its
moisture content (Cotton and Ashby 1952). Generally, moisture content below 9% hits the insect
survival and reproduction inside grains (Upadhyay and Ahmad 2011). Low moisture content
(below 11%) induces stress which could result in a reduction in progeny and adult weight, causing
death in weevils (Sedlacek et al. 1991). The decline in insect population at reduced moisture
contents could be attributed to the reduced water activity and speed of enzymatic biochemical
reactions (Ziegler et al. 2021). Further, lower moisture contents prevent fungal development and
chances of infestation by mold-consuming species. However, practically in grain bulks, the

peripheral parts are prone to take up moisture from the air, damp floors, and walls making them

17



more susceptible to infestations (Athanassiou et al. 2003, 2001; Burrell and Havers 1976; Solomon
1946). This results in the development of surface pests even in dry commaodities, which could be
minimised by reducing the bulk moisture content. Also, combining the cooling regime with a top-
dressing of pesticide is recommended to ensure reduced infestations on the surface of bulk grain

bins (Armitage et al. 2002).

In stored grains, the moisture content, temperature, and equilibrium relative humidity are
interrelated. When considering the storage potential and insect activity; however, the equilibrium
relative humidity (or water activity) is more important than moisture content, as it estimates the
availability of water for insects and microbes and indicates the biological activity of the stored
commodity (Pixton and Warburton 1971). Therefore, | summarize the minimum and maximum
water activity that support the survival of various stored grain insects at any given temperature in

Table 1.

Table 1. Minimum and maximum water activities for the survival of various stored grain insects

Insect Commodity MCmin MCmax T awmin  awmax  Reference
(%) (%) (°O)

R. dominica  Wheat 8 14 38 0.30 0.75 Edde (2012)

T. castaneum Wheat 12 36 40 0.30 0.90 Howe (1956)

S. zeamais Maize 8 - 30 0.30 - Okelana  and
Osuji (1985)

S. oryzae Wheat 11.2 14 15 0.60 0.73 Evans (1982)

T. confusum  Wheat 7 35 375 0.10 0.90 Howe (1960)

0. Oats 6 35 30 0.12 0.96 Arbogast

surinamensis (1976)

MCmin— Minimum moisture content for survival (%).
MCmax — Maximum moisture content for survival (%).
T — Temperature (°C).

awmin— Minimum water activity for survival.

awmax — Maximum water activity for survival.
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2.3.5 Food
2.3.5.1 Amount of food

Stored grain insects are considered opportunists (Athanassiou and Arthur 2018), and the
food availability is a crucial factor for their survival. The majority of stored grain insects can
develop and reproduce on a wide range of whole and processed foods, except those species which
develop entirely within the grains. It has been also reported that the increasing availability of food
increases female fecundity and grain infestation until saturation (Fava and Burlando 1995) by
providing more room for insect multiplication. However, in grain storage structures, in between
grain shipments and when cleaned, viable resources exhaust, and food deprivation occurs
naturally. Starvation in stored grain insects are characterized by imbalanced energy metabolism,
and biological processes like migration and reproduction, and susceptibility to multiple stressors
(cold, desiccation) simultaneously (Scharf et al. 2016). The insects respond to food deprivation in
two ways: (1) behavioral responses such as diapause, cannibalism, reduced fecundity,
retrogressive moulting, migration to food-rich places, and death feigning behavior and (2)
regulating the metabolism of biochemical substances through physiological countermeasures to

improve the insects’ ability to endure hunger (Zhang et al. 2019).

Starvation induces a trade-off between survival and reproduction, where the primary focus
is survival whereas maintenance and reproduction are held until favorable conditions (food) are
restored. Trogoderma granarium is known for its ability to enter larval diapause, characterized by
suppressed growth and development which help them withstand starvation (Shivananjappa et al.
2020). Stored grain insects including T. castaneum, R. dominica, produce fewer progeny with
increasing starvation period, either due to starvation, aging or a combination of both (Daglish

2006). It could be an example of reducing reproductive investment under starvation conditions to
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increase somatic cell maintenance. The depletion of food reserves results in another reproductive
strategy, oosorption (reabsorption of eggs) occurs while egg is still in the ovariole, interrupting
vitellogenesis and destruction of oocyte. This has been reported for various storage insects of
orders Lepidoptera and Coleoptera (Perez-Mendoza et al. 2004). Level of hunger could be
considered a primary factor for cannibalism in stored grain insects, as hunger triggers searching
behavior, increases foraging time and increases the chances of intraspecific encounters (Parajulee
and Phillips 1995). Trogoderma granarium undergoes a phenomenon of retrogressive moulting
when deprived of food (Shivananjappa et al. 2023). Retrogressive moulting is characterized by the
shedding of larval skin periodically causing reduction in size, such that immature larvae moult
remains a larva of smaller mass and size thereby reducing their energy requirement for survival.
Migrating insects like R. dominica, L. serricorne initiate flight as a response to starvation (Shinoda
and Fujisaki 2001; Barrer et al. 1993) . Starvation imposes severe water stress on S. zeamais, which
they compensate for by changing their humidity responses by orienting themselves towards
environments that allow them to reverse their water deficit (Weston and Hoffman 1992). However,
starvation stress could negatively impact the flight endurance of insects, by decreasing the speed

and angular velocity of beetles with increasing hunger (Nguyen 2008).

Under starvation conditions, trehalose in insect blood is primarily used as source of energy
(Tang et al. 2014). For instance, reduced trehalose content was observed in T. granarium larvae
undergoing starvation (Mohammadzadeh and lzadi 2018). Trehalose extended the starvation
survival in T. castaneum, and could act as a metabolism modifier in protecting them from death
(Xu et al. 2013). As starvation intensifies, glycogen gets converted to trehalose and released into
blood, therefore both levels of glycogen and trehalose decrease, and are restored when the insect

relieves hunger stress (Morya et al. 2010). Further, the ability of an insect to survive starvation is
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dependent on the ratio of triglycerides to lipids in the body (Laparie et al. 2012; Renault et al.
2002). Stored lipid resources are utilized through reduced glucose oxidation and increased lipid
oxidation and fatty acid mobilization (Zhang et al. 2019). It is also reported that insects undergoing
starvation stress, initiate a series of antistress mechanisms such as regulation of expression of
related genes, synthesis of anti-stress substances and regulation of catabolism of energy substances
in the body to prolong regular growth and development (Buckemiiller et al. 2017). For instance,
in T. castaneum, starvation increased the expression of forkhead box O (FOXO) transcription
factor at both mRNA and protein levels, imparting tolerance to prolonged starvation by regulating
metabolic and transcriptional responses. FOXO activity is crucial in maintaining glycogen,
triglycerides, glucose and trehalose levels under starvation conditions (Zhang et al. 2022). Hence,
stored grain insects have evolved diverse adaptive strategies or responses to tolerate periods of
food shortage and can survive long periods with little or no food. The starvation tolerance of major

storage insects in terms of insect lifespan without food are summarized in Table 2.

Table 2. Starvation tolerance of major stored grain insects in terms of lifespan at 30 — 35°C.

Insect species Lifespan Reference

R. dominica 4-18d Swain (1975)

T. castaneum 35d Daglish (2006)

S. cerealella (larvae) 2.1d Agah (1961)

S. oryzae 14d Daglish (2006)

P. truncatus 9d Edde and Phillips (2006)

2.3.5.2 Quality of food

Stored grain is the principal diet of storage pests, and its quality is a key determinant of
their population. Stored grain insects are adapted to develop and reproduce on dry foods, owing to
their ability to utilize their own metabolic water, a by-product of the breakdown of fats and

carbohydrates (Fraenkel and Blewett 1944). The food preferences of stored-grain insects are the
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result of long-term evolution (Yongxue et al. 2003), and depend upon the feeding behavior of the
insects. The relative growth rates and growth efficiencies of insects are reflected by the quality of
food consumed by them (Slansky Jr 1985). The major food quality parameters that influence the

population are the following:

1. Grain kernel size: Kernel size plays a crucial role in the oviposition strategy of grain
weevils where larger kernels are preferred for egg-laying (Campbell 2002).

2. Moisture content: Feeding on food with increased moisture content hastens the
developmental rates and increases the body size of stored grain insects (Baker and
Loschiavo 1987).

3. Germ content: Stored grain insects thrive more efficiently and longer in diets
containing ground wheat and germ, as it is easier to consume and requires expending
less energy (White and Bell 1993).

4. Physical condition of grain: Stored grain insects find it difficult to infest grains
containing husk due to the protection offered by husk (Arthur et al. 2019b). Further,
the presence of dockage is critical for secondary feeding storage insects surviving
only in the presence of dockage (White 1995).

5. Nutritional suitability: The proportions by weight of major nutrient categories
including amino acids, carbohydrates, fatty acids, minerals, vitamins, and sterol in the
diet influences the insect population by impacting larval growth (Singh 1977).

6. Presence of fungi: The presence of fungi in stored grains is an indicator of
deteriorated quality, and is suitable for species that feed on fungi (White 1995).
However, the presence of fungi has limiting effects on grain weevils by reducing

reproduction and by inducing sublethal effects on larvae (Sedlacek et al. 1991).
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7. Conditioning by conspecifics: Conditioning of grain and grain products by
conspecifics results in the quality deterioration of food supply in the form of
contamination from dead insect bodies, waste products, frass, and dust (Fleurat-
Lessard 2002), increased fatty acid content, and uric acids (Mason and McDonough

2011), which make it relatively less preferable for grain beetles (Ziegler 1978).

These parameters impact the population by influencing various population growth
parameters, progeny production patterns, development period from egg to adult, mating behavior
trends (Benyi and Gall 1981), interspecies interactions (Shah et al. 2021), the extent of cannibalism

(Craig 1986) and insect distribution patterns.

2.3.6 Oviposition sites

Oviposition is the process of laying eggs. Oviposition is characterized by two different sets
of behaviors: pre-oviposition and post-oviposition. Pre-oviposition behavior involves all
parameters and actions involved in the selection of an oviposition site and the oviposition process.
The post-oviposition involves various strategies that ensure the proper development, protection
from environmental stresses, devices for attaching the eggs to substrate, and defence from would-
be predators (Lancaster and Downes 2013). For the successful exploitation of a grain storage
environment by an insect pest, it is necessary to find suitable oviposition sites when they are in
short supply and spread over a wide area (Cox and Collins 2002). The orientation of insects
towards an oviposition site is based on primary host-derived or secondary conspecific-insect-
derived chemical cues (Mohandass et al. 2007). The oviposition sites of the major stored grain

insects are summarized in Table 3.
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Table 3. Oviposition sites for major stored grain insects. Insects typically lay eggs singly or in

clusters on these sites.

Insect species Oviposition sites Preferred Reference
substrates
Tribolium Flour patches near edge of All traditional grain Campbell and
castaneum storage structures. flours, with high Hagstrum (2002)
fibre and protein
contents Gerken and
Campbell (2020)
Cryptolestes Splits and cracks in the Grain debris and Masonand
ferrugineus grain. kernels of cereals McDonough
such as  wheat, (2011)

barley, rye, oats

Rhyzopertha
dominica

Grains with crevices and
rough surfaces

Broken grains, with
suitable moisture
content, previously
infested flours

Breese (1963)

Chanbang et al.
(2008)

Sitophilus granarius Inside the grain Clean grains of Nawrot et al.
wheat (2010)
Oryzaephilus Usually out of sight in Finely ground flour, Awadalla et al.

surinamensis

some crevice in food

supply.

intact grain kernels,
non-grain  products
like dry fruits and
nuts

(2021); Back and
Cotton (1927)

Sitotroga cerealella

Exterior of the grains and
prefers  substrates  with
smaller crevice heights.

Whole grains of corn,
wheat, sorghum

Mason and
McDonough
(2011)

Plodia
interpunctella

Vicinity of food source and
substrates containing
conspecific secretions.

Physical contact  with
substrate is essential to
elicit oviposition.

Wheat bran,
almonds, walnut,
wheat, broken maize

Mohandass et al.
(2007)

P. truncatus

Within the grains in blind-
ending tunnels bored at
right angles to the main
feeding tunnel.

Soft wheat, pulses,
ground nut, dried
tubers, artificial
grains of compacted
cereal flour.

Vowotor et al.
(1998)
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The suitability of an oviposition site for stored grain insects is related to environmental
conditions of temperature and relative humidity (Waterhouse et al. 1971), patch quality (Campbell
and Hagstrum 2002), grain moisture content (Mason and McDonough 2011), and various physical
and chemical characteristics of the grains (Awadalla et al. 2021 ). Each stored grain insect has their
optimum range of temperature and relative humidity suitable for their oviposition, summarized in
Table 4. With respect to patch quality, storage insects prefer to oviposit on cleaner patches than
patches which are previously exploited (Ziegler 1976). Previously exploited patches might contain
eggs, pheromones (Suzuki 1980), cuticular quinone and hydrocarbon secretions (Howard 1987;
Markarian et al. 1978) which could contribute to negative fitness consequences in the form of
larval cannibalism and competition (Park, 1965, 1974), and therefore are not preferred for
oviposition. Further, the nutritional composition and volatile compounds present in the food grains
also influence the suitability of oviposition (Fabres et al. 2014). The absence of nutrients in
balanced proportions results in problems in egg-laying, failure in ecdysis, and cuticular colour
changes whereas high quality diets promote more robust and heavier individuals with higher
fecundity and fertility (Chapman 1998). Grain physical characteristics including grain size, shape,
and hardness, play a crucial role in the oviposition of primary feeders (Awadalla et al. 2021;
Mwenda et al. 2019), whereas the level of milling determines the oviposition in secondary feeders

(Campbell and Runnion 2003; Throne and Culik 1989).

The absence of suitable oviposition sites results in reduced oviposition rates (Breese 1960).
However, females do not exhibit complete restraint in egg laying in the absence of suitable
oviposition, i.e., oviposition rate fell from ten eggs per female per day to four eggs per female per
day in the complete absence of oviposition sites. It has been reported that Rhyzopertha dominica

focuses on fewer oviposition sites preferring a short period of intense oviposition even in the
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presence of multiple sites (Breese 1963). Similarly, Sitotroga cerealella does not necessarily
require grains as a stimulant for egg laying, and will oviposit even between strips of cardboard
(Richardson 1925).

Table 4. Optimum temperature and relative humidity conditions for oviposition by major stored

grain insects

Insect species Temperature Relative humidity Reference
(°O) (%)

Tribolium castaneum 35 70 Abdelsamad et al. (1988)

Cryptolestes ferrugineus 35 90 Currie (1967)

Cryptolestes pusillus 32.5 90 Currie (1967)

Rhyzopertha dominica 302 755 Deshwal et al. (2018)

Sitophilus oryzae 30 75 Singh et al. (1974)

Sitotroga cerealella 25-30 65 — 80 Boldt (1974)

Plodia interpunctella 30 80 Mbata (1985)

Trogoderma granarium 33 -37 65 Rizwan et al. (2018);
Yadav and Srivastava
(2017)

Knowledge of oviposition sites is crucial because, understanding how each insect species
responds to volatile, chemical, or textural cues associated with different food grains and their
products would aid in the management of mixed storage sites, where more than one grain-based
product is stored. It is advisable to store a higher value product near a “bait” product of lower
value, that has more risk of infestation than the higher value product. This behavioral management
of insect pests ensures that the higher value product is not infested, and need not be treated for any

infestation (Gerken and Campbell 2020).

2.3.7 Insect density
Increasing population densities of stored grain insects result in their regulation by inducing
a lower reproduction rate, higher mortality rate, or acombination of these, whereas with decreasing

population densities the converse is true. The regulating effects of insect populations under higher
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densities could be through competitions, intra and interspecific interactions, regulation through
modification of environment (conditioning) or through genetic feedback mechanisms. The
regulatory effects are present across the life history of insects regardless of their growth stage. For
instance, larvae reared under crowding conditions produce stunted adults of reduced fecundity,
whereas adults crowding could influence their feeding, rest, copulation and oviposition (Crombie
1942). Some of the major effects of high insect densities are discussed below.
2.3.7.1 Competition
Competition for oviposition sites

Competition for oviposition sites has the most limiting effects on the population, as it is
the most important factor in reducing fecundity. The density dependent competition for oviposition
sites is more severe among the females, although male densities does contribute to the competition
by feeding on the grains in which the females oviposit. Each insect species has their own maximum
density beyond which the oviposition starts to fall and eventually reaches zero. For instance,
population densities above 0.25 beetles per grain, 0.50 beetles per grain, and 1 moth per grain
reduced the fecundity in R. dominica, O. surinamensis, and S. cerealella, respectively (Crombie
1942). The competition for oviposition is evident in the form of no egg production, adults fleeing
to escape crowding, or preference to lay eggs at locations other than grains at locations of high
densities (egg dumping). High insect densities could upset the oviposition rhythm, and the females
behave as if competition for grains is becoming severe, thereby reducing the percentage of eggs
oviposited on grains (Crombie 1947). The diminishing egg production could be either due to
delayed oviposition, resorption of matured oocytes or egg number and size adjustment (Moore and
Attisano 2011). Delayed oviposition might be somewhat advantageous as it allows time for the

adults to find unoccupied oviposition sites in the future. Further, certain stored grain insect species
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can adjust their egg number and size, according to the availability of oviposition sites, by
partitioning of vitellogenesis such that the yolk precursor molecules are integrated into fewer larger
eggs or many smaller eggs (Teixeira et al. 2016). The egg dumping behavior or preference to lay
eggs at substrates other than grains in grain beetles could be due to the egg retaining in the oviduct
for too long, resulting from the inability to halt oogenesis and oviposition once the process is
triggered (Messina et al. 2007; Roberts and Schmidt 2004; Minkenberg et al. 1992; Wilson and
Hill 1989). It could also be an adaptive strategy that prepares females for the subsequent

availability of oviposition sites.

Competition for food

The effect of competition for food grains at high densities is translated into two forms: a
reduction in feeding rate and a reduction in insect fecundity. The initial increase in densities, results
in decreased feeding rate even when food supplies are not deficient, due to competition and
interruption by other insects. However, as densities increase further, severe competition for food
grains occur, and the resulting starvation results in reduced fecundity. This effect was observed in
R. dominica where the feeding rate was reduced at densities above 8 beetles per grain, whereas
densities above 16 beetles per grain resulted in a starvation induced reduction in fecundity
(Crombie 1942). Competition for food is not limited to adults, but also includes larval competition
which could result in (a) larval and pupal mortality; (b) reduced size of larvae, pupae and adults
consequently causing reduced fecundity and oviposition; (c) changes in the rate of development
of immature stages and in adult longevity; (d) changes in sex ratio; and (e) movement of
individuals out of the area of competition (Vowotor et al. 1998). When there is competition for
food, R. dominica larvae would attack each other directly after encounters within the grains and

supernumerary individuals are either killed or forced to migrate (Crombie 1944). Incidences of
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larval density associated mortality have been reported for storage insects like R. dominica
(Crombie 1944) and Cryptolestes species (Ashby 1961). Further, larval competition is regarded
as more intense in internal feeding granivores that cannot migrate and are forced to grow and
develop on grain chosen by the mother for oviposition (e.g., bruchid and curculionid species), than
other internal feeding granivores which migrate (e.g., R. dominica, S. cerealella) and choose their

development site (Giga and Smith 1991).

Competition for mating partners

It has been reported that an increase in densities of Sitophilus spp. resulted in an increase
in the amount of male fighting (fights per male per 0.5 h) for potential female mating partners. The
female copulation frequency was observed to be maximum at the density of 2 males per female,
and with further increase in male density per female, the copulation frequency decreased due to
competition for female mating partners (Crombie 1942). Males also attack other males engaged in
the act of copulation in the absence of females. Conversely, moderate levels of competition are
regarded beneficial for insect fitness and insects could perform better in stressful environments.
For instance, males becoming more sexually aggressive would increase offspring numbers in
certain seed weevils and would thus impact the population dynamics (Teixeira and Zucoloto 2012;

Wilson et al. 2007).

2.3.7.2 Conditioning

Crowding of stored grain insects induces changes in the available food, resulting in its
conditioning. The conditioned media might contain eggs, larval exuviae, feces and various
chemical substances that harm the population. The exocrine glands of stored grain insects secrete
a toxic mixture of methyl-, ethyl-, and methoxy-quinones, which prompts the ceasing of
oviposition in species like Tribolium (Sonleitner 1961), O. surinamensis (Mignon et al. 1996), and
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R. dominica. Further, the adults developing on such depleted diet, can induce poisoning effects,
and therefore they tend to be less fecund (Arthur et al. 2019b). Conditioning of media also impacts
the larval stage of the population, by reducing its weight, prolonging its development period, and
retarding its development in Tribolium species (Park 1938). Although conditioning of media is a
mechanism of competition, consumption of the conditioned media (accumulation of waste
materials, silk, pheromones, frass) might promote growth in times of very low food availability in
certain secondary storage pests like C. cautella (Jones et al. 1990). This is because, conditioned
media might contain some residual nutrients, which could be extracted, but at a greater cost than

unconditioned media.

2.3.7.3 Intraspecies interactions

The effects of high population densities are not just limited to competition, but also the
resultant complex intraspecific interactions, which directly impact the population size and
composition. Interactions among conspecifics at high densities are mediated via chemical cues like
dodecanal, cuticular, hydrocarbons and hydrocarbon components secreted by the Dufour gland of
the insects (Collatz et al. 2009; Howard and Pérez-Lachaud 2002; Howard 1998; Howard and
Infante 1996). With respect to stored-grain insects, the major interspecies interactions are regarded
to be combined effects of resource limitation, crowding ( Sonleitner 1961; Rich 1956) and
cannibalism between various life stages (Holditch and Smith 2020). Several instances of
intraspecific interactions in stored grain insects impacting the population have been reported (
Mathias et al. 2015; Vowotor et al. 1998; Giga and Smith 1991; Park et al. 1974; Ashby 1961; ).
For example, Hulasare et al. (2003) found that Tribolium spp. eggs, pupae and callow adults
experienced mortality greater than 90% due to predation by larvae and adults of the same species.

Similarly, higher densities of eggs per grain in S. granarius results in larval cannibalism. The
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potential costs of cannibalism include the risk of injury to the aggressor, the loss of inclusive fitness
due to the consumption of genetically related individuals, and the eventual acquisition of parasites
or pathogens (Bolivar-Silva et al. 2018). These effects result in increased immature mortality,
disrupted reproductive behavior ( Hardy and Goubault 2007; Goémez et al. 2005), reduced
oviposition (Ziegler 1978) and fecundity (Rich 1956), and increased development time (Bancroft
2001), thus influencing the population negatively. However, it is difficult to conclude if the effect
of cannibalism is potentially negative or positive for the population. This is because, although
larval cannibalism results in injuries and loss of inclusive fitness, it reduces further competition,
searching time and favours fitter individuals. Further, cannibalism also increases the genetic
diversity in these insects because of consuming genetically related individuals (Bolivar-Silva et al.
2018). Studies have also shown that cannibalistic populations of T. castaneum thrive in stressful
environment because of egg cannibalism. This implies that although cannibalism is a consequence

of high insect density, it could permit colonization and range expansion (Via 1999).

Stored grain insects are also known to avoid intraspecies competition by resorting to
various strategies, either due to adaptive or selective traits. For instance, certain stored grain insects
including C. chinensis, under limited resources, devise their egg distribution pattern according to
“ideal free distribution model”, an adaptive trait (Chung et al. 1995). This means that the eggs are
distributed onto the grains such that all the offspring have an equal probability of access to food,
thus preventing competition. This behavior is an adaptive trait, as it is a consequence of the change
in its environment (limitation of resources) (Teixeira and Zucoloto 2012). Similarly, under
conditions of competition, it has been noted that genotypes tend to be constantly selected, such
that food is recognized quickly, new diets are included, nutritional utilization is improved,

increasing metabolic rate and overall resource utilization efficiency, which is a selective trait.

31



However, these selective traits might have some trade-offs including slower development time,
lower levels of reproduction and lower resistance to environmental stresses (Teixeira et al. 2009).
This could imply it is rather easier for the stored grain insects to follow adaptive traits (adapt to
available resources and competitive conditions and available resources), than relying on selective
traits (inclusion of new diet and diet preference hierarchy) as the process is slower (Teixeira et al.

2008).

2.3.7.4 Reduced longevity

Increasing population density is associated with increased energy expenditure in insect
locomotion in response to aggregation pheromones, engaging in mating activities, and production
of eggs and sperms which could reduce insect lifespan. Further, aggressive male sexual behavior
at higher densities is also regarded as a crucial factor in reducing the lifespan of grain beetles
(Spratt 1980). Higher densities are also associated with impaired future reproductive success in
stored grain beetles, owing to their negative effect on the body weight of insects (Assie et al.

2008).

2.3.8 Number of mated females

Most stored grain insects reproduce more or less continuously under favorable
environmental conditions. The female individuals of stored-grain insects are capable of breeding
enormously and multiply in short duration under favorable conditions because, 1) both female and
male can mate multiple times, 2) females can store sperms and do not need to mate in the future;
and 3) mating can increase insect fitness. Therefore, mating disruption using synthetic pheromones

can suppress mating which results in reduced eggs (Jones 1998).
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Multiple mating is a widespread behavior in stored grain beetles and weevils (Campbell
2005; Lewis and lannini 1995). It has been reported that multiple mating significantly increases
female fecundity (Lewis and Austad 1994). Multiple mating in females is desirable in terms of
material benefits such as extra sperm or male-derived substances and genetic benefits (Campbell
2005). The genetic benefits derived from multiple mating comprise improving previous
copulations by mating with males of higher quality ( Thornhill and Alcock 2013; Olsson et al.
1996; Simmons 1987), limiting the risk of genetic incompatibility (Zeh and Zeh 1996, 1997),
inbreeding avoidance ( Tregenza and Wedell 2002; Madsen et al. 1992), manipulating offspring
paternity (Edvardsson and Arnqvist 2000), increasing genetic diversity (Baer and Schmid-Hempel
1999) and genetic bet-hedging (Watson 1991). The genetic benefits ensure greater likelihood of
carrying insecticide-resistance genes and thereby increasing the survival of the insect population

(Ridley et al. 2016).

Mated females of stored grain insects can store sperms which could be used for many
weeks to produce offspring. Several researchers report sperm transfer and storage in flour beetles
(Lewis et al. 2005; Lewis and Jutkiewicz 1998; Qazi et al. 1998, 1996). It has been reported that
mated females of T. castaneum have control over the sperm movement from the site of deposition
in the bursa copulatrix to storage in spermatheca by means of the muscular contraction of their
reproductive tract (Qazi et al. 1998). The females continue using sperm stored in spermatheca to
fertilize their eggs for about 140 days following a single mating (Qazi et al. 1996). This enables
the initiation of infestation by the mated females themselves, and the enhanced movement of
genetic material adds to the gene flow. Hence, the ability to initiate an infestation by a single
female possibly contributes to an increase in population (Ridley et al. 2016). For instance, R.

dominica populations in between study areas (storages and fields away from storages) displayed
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high degree of connectivity, due to the dispersal (flight) of mated individuals of potential
fecundity. About 95% of these dispersing females of R. dominica were mated, and store sperm for
multiple weeks, and they can produce an average of 242 offspring, whereas the average number
of eggs R. dominica produces in a lifetime is 200-500. Further, the more males the dispersing
females’ mate before dispersal, the more likely she is to carry insecticide resistant genes (Ridley
et al. 2016). Similar results have been reported for T. castaneum, where the females mated when
they dispersed and had an average fecundity of 105 (x+ 13) offspring per mated female (Ridley et
al. 2011). The relationship between mating and fitness can be positive or negative. Multiple mating
is associated with an increased risk of predation, physical damage, transmission of infection,
reduction of female lifespan, and time lost for feeding and oviposition (Campbell 2005). Further,
the presence of long-lasting sexual interactions might have concurred to boost the evolution of
population-level behavioral asymmetries in insects (Benelli et al. 2017; Frasnelli 2013). However,
multiple mating enhances female fecundity and numerous other benefits including sperm
replenishment, hydration, and nutrition effects. Lower rate of mating in females, efficiently
reduced the costs of mating, whereas a higher rate of mating maximized the benefits of mating.

Hence mating at an intermediate rate is thought to maximize the fitness of most female insects.

2.3.9 Patch size

A habitat patch is defined as a distinct area of fixed contour, spatial, and configuration,
where the species grow in population and find its resources (Atkins et al. 2019). The patch for
storage insects is a grain patch, a complex combination of its food and space, which means that
either food or space or both could be a limiting factor for population, depending on its availability.
The patch size influences the insect population by impacting the resource availability, oviposition,

movement behavior, crowding behavior, and insect density. Female grain beetles reportedly
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evaluate the patch size and adjust the number of eggs they lay, and thereby optimizing the number
of adults emerging from the patch (Campbell and Runnion 2003). Large patches like grain storage
bins are characterized by more resources, more room for oviposition and multiplication, increased
freedom for movement and locating resources, reduced chances of competition, and relative
difficulty in finding mating partners at lower insect densities (Jian et al. 2018b). Larger patches
are also characterized by larger residence times for grain beetles, which could be due to the
deepness of resource patches (flour) resisting their movement. Further, they might mark larger
patches with aggregation pheromones, which ensures the acceptance of these patches in future
encounters (Romero et al. 2010). Smaller patches are associated with limited food resources,
limited living volume, increased crowding (Halliday et al. 2015), cannibalism by adults and larvae

on eggs (Sonleitner 1961), and reduced oviposition rates in females.

The effect of patch size on insect populations in grain storage bins is regarded as negligible
if the grains are maintained at safe temperature and moisture conditions. To elucidate, the effect
of patch size as a determinant of resource availability is negligible on the population since they
have ample resources and insects are free to move to preferred locations within bins when
resources exhaust at a location (Jian et al. 2018b). It implies that crowding behavior, if any in grain
bins, could be therefore an effect of movement rather than resource limitation. Crowding in grain
bins as an effect of insect movement could be characterized by insect fighting, lower egg dispersal,
higher chances of egg damage, and higher larval mortality due to cannibalism and trampling by
larvae and adults due to insects walking on eggs (Suresh et al. 2001; White and Bell 1990; Smith
1966). These events could ensure that insects rarely reach their peak density inside large grain
patches. Further, the insects not attaining their peak density indicates that the conditioning of

grains over time is of little importance considering the scale of grain patch. These conclusions
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were based on large patch size studies on the population of C. ferrugineus by Jian et al. (2018b),
who reported that patch size did not affect the insect population dynamics at temperatures of <
30°C. Similar results have been reported by (Tripathi et al. 2021) for T. castaneum populations,
where insects inside larger patches did not attain their peak density, ruling out the possible effects
of patch size on population dynamics in storage bins. It has been also proven that changes in patch
size by manipulating the depth of storage structures will affect the population dynamics of
Tribolium species, due to their non-uniform distribution along depth ( Tripathi et al. 2021;
McDonald 1968). These indicate that patch size might not be a limiting factor for population

dynamics in a grain storage bin.

2.3.10 Interspecies interactions
2.3.10.1 Symmetric and asymmetric outcomes

With respect to stored grain insects, Nansen et al. (2009) emphasized the importance of
interspecies interactions reporting that single-species studies do not represent actual conditions of
stored-grain ecosystems where multi-species infestations and resultant interspecific associations
are prevalent. The factors that influence interspecies interactions in stored grain insects include the
insect species involved, initial population densities of the insect species (Hayles et al. 2014), the
quantity of food available, type of food material (Lefkovitch 1968), presence of fungi (Sinha
1968), and relative time of arrival of each species, also known as priority effects (Holditch and
Smith 2020). In a storage environment, the outcomes of an interspecies interaction are determined
by the context, species identity and abiotic conditions. Interspecies interactions might have
positive and negative impacts on the population of stored grain insects, where the area of positive

effects is relatively underexplored.
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Interspecies interactions could be regarded as symmetric (positive) when it results in
coexistence (White and Sinha 1980), involved species have similar microhabitat preferences
(Nansen et al. 2009), habitat modification by primary pest, and grain damage induced by feeding
and reproduction of one species is beneficial for the other species (Edde 2012). Changes in the
abiotic conditions (temperature, moisture content and their gradients) in a grain storage ecosystem
might result in spatial segregation of interacting species. It could result in habitat partitioning and
enable coexistence of these species under certain abiotic conditions. Temperature is an important
abiotic factor determining the competitive outcome between storage insects, where the competitive
superiority of one species over the other is dependent on the temperature. For instance, the
competition advantage of C. ferrugineus over C. pusillus is not very intense at low temperatures
(20°C) (White et al. 1995). Similar results have been reported for T. granarium, R. dominica and
S. oryzae interactions at low temperatures (25°C), with no evidence of larval interference and
cannibalism due to resource partitioning (Kavallieratos et al. 2017). Also, P. truncates and S.
zeamais co-exist in the temperature range of 25 — 30°C (Quellhorst et al. 2020). Another example
of positive association is reported between R. dominica and T. castaneum, where both species
responded positively to each other’s presence due to habitat modification and similar microhabitat
preferences, as R. dominica lives inside the kernels whereas T. castaneum lives outside (Nansen
et al. 2009). However, contradictory results have been reported for the interaction of the same
species by Cui et al. (2006) where T. castaneum impeded the reproductive rate of R. dominica,
possibly due to food resource depletion and omnivorous T. castaneum consuming the immatures
of R. dominica and diet (Jagadeesan et al. 2013), particularly when the studies were carried out
with limited space and food resource conditions, indicating a negative consequence of interspecies

interactions. Communities within a resource patch can coexist along with conventional niche
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partitioning and absence of competition when the species differ in their resource utilization,
behavior and time partitioning. This model of coexistence is based on the principle that two species
can coexist in a community, if one species is a superior competitor and other is a superior colonizer
(Vidan et al. 2020). Some instances include the interactions between colonizers (R. dominica and
S. oryzae) and secondary consumers (C. ferrugineus, T. castaneum and O. surinamensis)
(Trematerra et al. 2015; Arbogast and Mullen 1988). Several studies have reported beneficial
effects on such interactions due to modifying growth substrate (wheat) and ecological niche
(Arbogast and Mullen 1988; LeCato 1975; Kabir 1966). Similarly, the increase in moisture content
associated with weevil activity, favors softening of wheat and mold growth, which in turn aids in
habitat and mate-finding and foraging (Davis et al. 2013), thus synergizing the activity of
secondary pests that feed on fungi (C. ferrugineus). However, this effect is not always true, as
there are instances where secondary feeder (L. serricorne) gets suppressed owing to non-
competitive exclusion by primary feeder (exclusion between relatively unrelated beetles) (S.
oryzae) (Lefkovitch 1968) and certain fungal metabolites are capable of repelling insects (Magan

et al. 2003).

The major asymmetric (negative) effects of interspecies interactions on insect populations
include cannibalism and predation (Hulasare et al. 2003), interference competition (direct
interaction between foraging species) (Nansen et al. 2009), exploitative competition (indirect
effect through exploitation or depletion of resources) ( Jagadeesan et al. 2013; Begon et al. 1986),
and impeded reproduction (Cui et al. 2006). Further, the outcome of an interspecific interaction
could be negative based on the relative time of arrival of each species and the overall competitive
outcome is termed as priority effects. The priority effects between T. castaneum and T. confusum

were evaluated by Holditch and Smith (2020). Often the species which has priority entry to the
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grain storage ecosystem has larger population than later arriving species, due to the production of
ample eggs, minimal predation costs from larval and adult stages of later arriving species. Further
modification of the storage environment (release of toxic metabolites) limits the later arriving
species (Fukami 2015). Climate changes at global level, can result in changes in the growth and
development cycles of insect pests and their interactions (Moses et al. 2015). The consequences of
such changes could favor one pest species over another in a grain storage ecosystem. Some

examples of the asymmetrical outcomes of interspecies interactions are presented in Table 5.

The negative effects of interspecies interactions could be effectively exploited for the
regulation and control of insect populations within grain storage ecosystems. The benefits of
species employed for biological control include short life cycles, high reproductive capacity, the
ability to attack small-sized storage pests, and ease of removal from grain mass using normal
cleaning procedures (Scholler et al. 2006). The major insect predators used for the biological

control of various stages of stored grain insects are summarized in Table 6.

Despite the benefits of biological control methods, the associated cost, lack of ample
understanding of the population dynamics of pests, and integration of biological control approach
with pest monitoring and sanitation programs remain challenging (Schéller et al. 2006). The
development of efficient release guidelines in terms of a number of insects to be released and
timing of release is also crucial since the same storage pest may be found in a wide variety of
storage systems. Further, knowledge of both the host and enemy phenology under a variety of
environmental conditions is crucial for optimizing the timing of the release of the biological
control insect (Schéller 2010), as their effectiveness is impacted by abiotic factors like temperature

and humidity.
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Table 5. Asymmetric interspecies interactions in various stored grain insects

Interacting Growth Effects Possible reasons Reference
species conditions
S. oryzae Sorghum - Ecological niche modification by Kabir (1966)
R. dominica - primary feeders escalating the
T. castaneum + activity of secondary feeder.
S.granarius  Rice - Differences in life table Athanassiou et
S. oryzae + characteristics (oviposition and al. (2017)
S. zeamais + development time)
Changes in grain characteristics.
T. castaneum  Wheat - Cannibalism and predation on eggs  Hulasare et al.
C. ferrugineus + and larvae of T. castaneum, (2003); Suresh
whereas immatures of C. et al. (2001)
ferrugineus were protected by
developing under seed coat.
S. zeamais Maize, > - Higher optimum growth Quellhorst et al.
P.truncatus  25°C + temperature of P. truncatus than S.  (2020)
zeamais
R. dominica  Wheat, > - Competition among the beetles Athanassiou et
S. oryzae 30°C - al. (2016, 2017)
T. granarium + Modification of diet by co-
occurring species
Better adaptation of T. granarium
to warmer temperatures
E. cautella Bran - Competitive exclusion Cameron et al.
P. based diet + (2007)

interpunctella

Reduced oviposition in E. cautella
females due to exudates from
heterospecifics.

‘“+” and ‘-’ indicates positive and negative outcome of interaction, respectively. Positive outcomes

indicate favorable effects on population growth and negative outcomes indicate adverse effects on

population growth when multiple species interact.
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Table 6. Biological control organisms used to control various stored grain insects

Species Insect species Host stage Reference
controlled
Xylocoris T. confusum, Immature stages of  Scholler et al. (2018)
flavipes S. zeamais, beetles and moths
T. castaneum,
S. granarius,

L. serricorne,

P. interpunctella,

S. cerealella
Thecolax elegans R. dominica, Larval stages of Adarkwah et al. (2019)

S. oryzae, various coleopteran

S. cerealella and moths
Anisopteromalus  S. granarius, Late larval stages Scholler et al. (2018); Shin
calandrae S. zeamais. and early pupal et al. (1994)

R. dominica, stages of beetles

S. paniceum, inside seeds and

L. serricorne cocoons
Habrobracon P. interpunctella, Larvae of stored Scholler (2010)
hebetor E. kuehniella, product moths

E. elutella,

C. cautella
Lariophagus S. oryzae, Larvae, prepupae Scholler et al. (2006)
distinguendus S. granarius, and pupal stages of

R. dominica, beetles in seeds and

S. paniceum cocoons
Trichogramma P. interpunctella, Egg stage Grieshop et al. (2009);
spp. S. cerealella, Steidle et al. (2001)

E. cautella,

E. kuehniella
Cephalonomia O. surinamensi, Larvae of grain Collatz and Steidle (2008)
tarsalis O. mercator beetles

2.3.10.2 Interference

Reproductive interference is a consequence of incomplete species recognition in the
reproductive process and refers to the negative interspecific sexual interactions that affect the
fitness of males and females adversely ( Groning and Hochkirch 2008; White et al. 1995; Kuno
1992; Bull 1991). Reproductive interference is likely to happen at various reproductive stages

between closely related species and sometimes between distantly related species, engaging in
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reproductive interactions (Chow-Fraser and Maly 1988). These interactions can be a result of
signal interference, disrupted mate searching, heterospecific rivalry, mate choice errors, misplaced
courtship, mating attempts, or copulation (Shuker and Burdfield-Steel 2017). The effects of
reproductive interference include sexual harassment (McLain and Pratt 1999), reduced opportunity
to mate with conspecifics (Hochkirch et al. 2007), competitive exclusion (Kishi et al. 2009),
reduced fecundity (Birch et al. 1951; Lloyd and Park 1962), damage to the female genitalia (Sota
and Kubota 1998), gamete dumping (Lessios and Cunningham 1990), and hybridization (Garcia-
Vazquez et al. 2002; Kubota and Sota 1998; Pfennig 2007). These effects result in a reduction in
the population growth rate of one species due to resource exploitation or interference by another
species (Reznick et al. 2002), accelerating the extinction of species with lower population density
if the interference is symmetrical (Kishi et al. 2009). For instance, in a study involving
Callosobruchus chinensis and Callosobruches maculatus, it has been reported that an increasing
number of heterospecific males resulted in reduced fecundity and longevity of C. maculatus
females, resulting in species exclusion (Kishi et al. 2009). Similar results have been reported by
various researchers for T. castaneum females housed with T. confusum male, resulting in reduced
fecundity and longevity of T. castaneum due to the asymmetric promiscuity of males of the species
( Lloyd and Park 1962; Birch et al. 1951). Heterospecific mating in closely related carabid beetles
caused a rupture in the vaginal membranes in females, broke genital parts in males, and reduced
fertilization rates (Sota and Kubota 1998). Similar results have been reported for interspecific
mating between grain beetles T. confusum males and T. castaneum females, i.e., the damage of
genitalia of T. castaneum females (Graur and Wool 1985). Thus, sexual harassment associated
with interspecific mating imposes high fitness costs, which could potentially limiting habitat use

by ecologically similar species (McLain and Pratt 1999).
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However, reproductive interference is largely overlooked owing to the lack of detectable
evidence, even though studies on hybridization and resultant genetic invasion have been reported
(Groning and Hochkirch 2008). It is interesting to note that although asymmetric reproductive
interference has negative effects on the population growth of one species, reproductive interference
itself reduces the chance of reproductive interference by promoting spatial segregation of the
interacting species. Rationally, as a consequence of reproductive interference, resource
partitioning is expected between closely related species, minimizing negative interactions between

those species (Hochkirch et al. 2007).

2.3.11 Age
2.3.11.1 Maternal age

Parental age effects can be defined as the age-related changes whose expression is
witnessed in the progeny of the aging parents. They play an integral role on the progeny of the
next generation by influencing the evolution of components of the life cycle and life history
strategies (Soliman 1987). Maternal age refers to the time during which an insect oviposits egg,
and several studies have reported that the rate of oviposition and fecundity of mated female beetles
is affected by the age of female beetles only (Chahal and Simwat 1975; Simwat and Chahal 1975;
Raychaudhuri and Butz 1965; Erdman 1964; Park et al. 1964). Maternal age also influences
offspring survival, development time, and mass at birth and maturity (Zehnder et al. 2007). The
age-related maternal effects could be either adaptive or non-adaptive or detrimental to the
offspring’s fitness, with the majority being detrimental thereby impacting offspring fitness and

population negatively.

The majority of increased age-related maternal effects are detrimental to offspring fitness,

owing to maternal constraint or a maternal trade-off between maternal and offspring fitness
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(Marshall and Uller 2007). In stored grain insects, typically older mothers lay smaller eggs that
are less viable and take longer to develop. Production of trophic eggs in Tribolium species is
considered a form of parental care, where certain progeny has no other purpose than to serve as
food for their siblings or closely related conspecifics (Alabi et al. 2008). Further, it has been
reported for S. oryzae that the offspring of younger females had a longer lifespan and greater fitness
compared to those produced by older females (Opit and Throne 2007). Similar results were
reported for C. chinensis where the egg sizes, unitary egg sizes, egg number, and reproductive
effort significantly decreased with increasing maternal age (Rahman et al. 2021). It could be
explained by the “Lansing effect” where offspring produced by older parents have reduced
longevity (Zehnder et al. 2007). The lower initial resource allocation to eggs by older mothers, the
genesis of pleiotropic genes in parents which negatively impacts offspring as they age and harmful
mutations in the gametes of older parents could be regarded as the mechanisms for the ‘Lansing
effect’ ( Singh and Omkar 2009; Priest et al. 2002). Reduction in performance and impaired
starvation tolerance in offspring are also regarded as the negative effects of aging. The impaired
starvation tolerance could be reasoned by the carry-over effect from the larval stage as starvation
is largely dependent on larval fat cells that persist to the adult age (Aguila et al. 2007), with the
parental age negatively impacting the larval fat body. However, there is a limited impact of
parental age on the thermal tolerance of the offspring because, to a greater extent, thermal tolerance

is impacted by other factors like growth or acclimation temperature (Scharf et al. 2015b).

If the parent insects could predict the future conditions of their offspring and adjust their
egg-laying appropriately, then the age-related parental effects could be adaptive (Halle et al. 2015).
The transfer of epigenetic modification to the offspring is a consequence of aging and is of adaptive

nature, which is observed in the form of offspring diapauses and flight polymorphisms. Studies
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have shown that older females often produce offspring that diapauses more frequently than those
produced by younger females (Hockham et al. 2001; Mousseau 1991), as these diapauses are
triggered by the environmental conditions experienced by the parental generations. Similarly, in
some insects the environment experienced by the mother is the primary determinant of progeny’s
flight phenotype. The production of dispersing progeny reportedly increases with maternal age in
seed beetle C. maculatus, is possibly because they use seasonal or ephemeral resources,
environmental cues such as crowding, temperature or photoperiod as predictable indicators of

future habitat deterioration and impending food shortage (Fox and Mousseau 1998).

2.3.11.2 Old age

The performance of living organisms worsens with age because old age is usually
associated with increased mortality, less intense reproduction, and reduced fitness including
learning and locomotion ( Simon et al. 2006; Hughes and Reynolds 2005; Novoseltsev et al. 2003;
Ridgel et al. 2003). Stored-grain insects also undergo change in morphological, physiological,
biochemical, behavioral, and pathological parameters as they age (Soliman 1987). The major
effects of old age on the stored grain insect population include reduction in starvation tolerance
(Ducoff et al. 1970), increase in the rate of oxygen sensitivity (Lee and Ducoff 1983), changes in
cannibalism rate (Takahashi and Yamamoto 1972), decline in emigration tendency (Ritte and Agur
1977; Ziegler 1976), reduced refugee-seeking behavior, increased resistance to diseases ( Keymer
1982; Kelly et al. 1967), impaired cold tolerance, and lower body mass (Halle et al. 2015). For
example, in adults of T. castaneum and T. confusum undergoing complete starvation the survival
time decreased with ageing (Ducoff et al. 1970). This reduction in starvation tolerance could be
possibly due to the reduced body mass, amount of body fat, and nutritional reserves in old age.

Similarly, continuous decline in thermal tolerance was reported for T. castaneum with age, which
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could be attributed to the reduced body mass at advanced age. However, the effects of ageing on
body mass of T. castaneum could be strain-specific (Halle et al. 2015) as not all studies report a
decrease in body mass with age (Soliman 1987). In a study on T. confusum, it has been reported
that the oxygen sensitivity increased with the age of the beetles; however, did not affect the
longevity of the insects (Lee and Ducoff 1983). Further, a continuous decline in the emigration
tendency was also reported for T. castaneum and T. confusum (Ziegler 1976). This decline in
emigration tendency with age could be attributed to several causes including degeneration of cell
organelles, decline in glycogen reserves, genetically programmed expression of deleterious
changes in respiratory enzymes and lack of protein synthesis after maturation (Perez-Mendoza et
al. 2011). Similarly, in a study on C. ferrugineus, it has been reported that the refuge seeking
behavior tended to be lower in older beetles compared to younger beetles, possibly due to their
reduced response to pheromones and abundant oviposition sites in the grain filled refuges (Cox et

al. 1990).

Another interesting aspect with respect to aging in T. confusum and T. castaneum is their
reduced susceptibility to infection and improved immune capabilities ( Vogelweith et al. 2017;
Keymer 1982). In a study conducted on T. castaneum, an age-related improvement in the baseline
constitutive immune response was reported. However, the increase in immune function essentially
did not translate into higher-post infection survivorship, probably due to other aspects of
senescence that make older individuals more susceptible to infections (Khan et al. 2016a). It has
been reported that the propensity of T. castaneum to destroy eggs increases with age, reaching a
maximum around 105 d, and later falls off as old age is attained. Thus, old age has predominantly

limited effects on the population of insects due to associated fitness costs and cannibalism effects.
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Understanding the age-related changes in stored-grain insect populations requires
knowledge about the changes that cause and control the aging process. It is, therefore, necessary
to relate the observable changes to their biochemical basis and thereby manipulate the ageing
process physiologically and genetically (Soliman and Lints 1982). Areas concerning growth,
nutrition, ultrastructural changes, and behavior need further investigation to understand the age-

related changes in stored-grain insects (Soliman 1987).

2.3.12 Diseases

The incidence of diseases in stored grain beetles declines their population ( Rashki et al.
2019; Onstad and Maddox 1990). Disease-causing fungal, protozoan, viral, and bacterial infections
have major implications on the growth, differentiation, sexual behavior, and evolution of stored
grain insects, thereby influencing their population dynamics (Hurd 1993). The major disease-
causing pathogens in stored grain insect hosts are summarized in Table 7. These effects are evident
in reduced reproductive output, offspring survivorship, and longevity (Kumano et al. 2010).
Various parameters are used to indicate these reproductive disturbances including the ability to lay
viable eggs (Mercer and Wigley 1987), the incidence of locked matings (Gaugler and Brooks
1975), frequency of mating (Armstrong and Bass 1986), fecundity, and egg viability. The
reduction in fecundity could be attributed to nutritional deprivation (Malone 1987), depletion of
fat and protein reserves due to microsporidial infection of insect fat bodies (Thompson and
Sikorowski 1979), reduced vitellogenin production (Gaugler and Brooks 1975), and massive germ
cell destruction (Sajap and Lewis 1988). Further, protozoan diseases result in reduced longevity
and prolonged larval period due to the induction of a juvenile hormonal effect causing larval-pupal

and pupal-adult intermediate forms influencing population growth and differentiation (Rabindra
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et al. 1981). Therefore, pathogens can be effectively utilized for biological control of stored-grain

insects alone or in combination with selective insecticides (Batta and Kavallieratos 2018).

Table 7. Major disease-causing pathogens in stored grain insects

Pathogenic species

Insect hosts

Nosema whitei

Farinocystic tribolii

Mattesia spp.

Adelina spp.

Gregarina spp.

Beauveria bassiana

Lymphotropha tribolii

Tribolium castaneum
Tribolium confusum
Tribolium castaneum
Tribolium confusum
Tribolium garnhami
Sitophilus zeamais
Rhyzopertha dominica
Plodia interpunctella
Cryptolestes ferrugineus
Oryzaephilus surinamensis
Tribolium castaneum
Rhyzopertha dominica
Tribolium castaneum
Tenebrio molitor

Plodia interpunctella
Rhyzopertha dominica
Oryzaephilus surinamensis
Cryptolestes ferrugineus
Tribolium castaneum
Tribolium castaneum

2.4 Life cycle and morphology of T. castaneum

T. castaneum undergoes a complete metamorphosis comprising four stages of life cycle:

egg, larva, pupa and adult (Fig. 1). The development time is influenced by environmental

(temperature, RH, and food) and genetic factors. Under optimal conditions of food, temperature,

and relative humidity, the life cycle may be as short as 3 — 4 weeks; however, it might vary among

different strains of the species (Pai 2019). The optimum temperature and RH for their growth and

development is 30 - 37°C and 70% RH (Singh and Prakash 2015). Temperatures approaching the

optimum ranges significantly accelerate the immature development time, resulting in the faster
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emergence of larvae or pupae compared to sub-optimal conditions (Skourti et al. 2019). The life
cycle commences when mature female adults lay eggs between or on the stored product. At optimal
conditions, embryogenesis in T. castaneum lasts 3.5 to 5 days, followed by larval and pupal stages
lasting 2 to 3 weeks and 5 — 6 days, respectively (Pai 2019). Adults generally have a lifespan of 1
to 6 months in laboratory conditions, although they may live up to more than 3 years. The adult
beetles are highly prolific, with an average lifetime fecundity of more than 300 eggs (Kumar et al.
2018; Campbell and Runnion 2003); however, fecundity drops after 3-4 months due to the using
up of their germ cells.

The eggs of T. castaneum are white-colored, translucent, sticky, slender and cylindrical in
appearance. Their stickiness often causes them to be coated with flour or stick to the walls of the
storage containers (Devi and Devi 2015). The larvae are worm-like, yellowish brown in colour,
measuring about 1 mm in length. They have six to seven instar stages and become well sclerotized
and 4-5 mm long when fully grown. The larval instars can be fairly distinguished from each other
due to the certain unique characteristics (Devi and Devi 2015). The duration of larval period is
influenced by food type, availability, and quality and on the prevailing conditions of temperature
and humidity (Haines 1991). The pupae are white in color, dorsally covered with fine hairs, has
dark wings, well-developed eyes, and sclerotized legs (Abdullahi et al. 2019). The pupae carry
gin traps, laterally on each abdominal segment, which are outgrowths with strong sclerotized teeth.
Although pupae are quiescent, they exhibit wriggling movement, which moves the gin traps of two
abdominal segments relative to each other. Beetles can be sexed at pupal stage, where female
pupae have larger genital papillae (two finger-like structures anterior to the pointed urogomphi)
than male pupae, when viewed under a microscope. The adult beetles are 2.3—4 mm in length, red-

brown colored, oblong and have a flat body. The adults have functional hind wings, used in flight.
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Distinguishing the sexes is also possible at adult stage, as forelimbs of male adults have a gland,
absent in females (Pointer et al. 2021). Nevertheless, sexing the beetles at the pupal stage is easier

as they are relatively immobile (Sreeramoju et al. 2016).

- P -
Waah iy ues .

(a) Larva (&) Pupa (c) Adult

Fig. 1. Different life stages of T. castaneum (Source: Khan et al. (2016b), re-used under open

access license CC BY 4.0 2023)

2.5 Knowledge gap and objectives

Researchers have reported on the various factors influencing the population dynamics of T.
castaneum including grain temperature (Arthur et al. 2019b; Halliday et al. 2015; Scharf et al.
2015a), moisture content (Dars et al. 2001), insect density (Duki¢ et al. 2016), climatic variability
(Tripathi et al. 2021), patch size (Tripathi et al. 2021), intra and interspecies interactions (Bullock
et al. 2020; Hulasare et al. 2003; Goodnight and Craig 1996), diet type and quality (Arthur et al.
2019a; Khalid et al. 2019; Dukic¢ et al. 2016), and geometry (volume and surface area) of the grain
bulk (Garcia et al. 1990; McDonald 1968). However, the majority of this research was based on
small scale experiments (with grain quantity < 1 kg) mostly performed on whole wheat, and
therefore yield results which are limited in scope of application to bulk grain storage and for a
secondary feeding insect like T. castaneum. There is a lack of published literature about the
influence of diet and surface area on the population dynamics of T. castaneum, a secondary feeding

pest under large scale storage conditions.

The objectives of this study are:
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. To determine the density distribution of T. castaneum in 14 kg wheat patches.
. To understand the effect of a cracked wheat-based diet on the population dynamics of T.
castaneum.

. To understand the effect of top surface area on the population dynamics of T. castaneum.
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3. MATERIALS AND METHODS

3.1 Wheat

About 800 kg of hard red spring wheat (variety: CS Daybreak, CWRS Grade-1) was procured
at once from Pitura Seed Service Ltd., Altona, Manitoba. The moisture content of the wheat was
measured by using ASABE standard (ASABE Standards 2016) and was 12.0% (wet basis). The
moisture content of the wheat was adjusted to 14.5% by adding 29.2 mL of distilled water per kg
of wheat. The wheat and added distilled water were tumbled for 30 min in a tumbler type batch
mixer with 75 kg capacity for evenly distributing the water. The conditioned wheat was stored in
sealed plastic bags at the room temperature for two weeks. The desired amount of the conditioned
wheat was cracked by using a grinding mill (Model 4E Grinding mill, QCG systems LLC,
Phoenixville, PA, USA). The wheat and cracked wheat were disinfected by freezing at -15°C for

three weeks before using.

3.2 Rearing and sexing of insects

The insects were reared in a mixture of wheat flour and brewer’s yeast (19:1 ratio by mass) at
30°C and 70 = 5% RH. Adults were separated from the laboratory colony culture by sieving and
aspirating with a laboratory vacuum pump. About 100 adults were introduced into a jar containing
2 kg of rearing media and incubated at 30°C and 70% RH to allow mating and egg-laying for five
days. The jar was closed with a screen lid covered with a layer of filter paper enabling air exchange.
The adults from the jar were then sieved out five days later, and the rearing media containing eggs
were incubated at the rearing condition for 21 d. Pupae were separated from the culture and the
sex of the pupae was determined by checking pupal genital papillae under a microscope (Halstead

1963). About 700 pupae were sexed. The sexed female and male pupae were separately kept in
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glass vials containing 30 g rearing media, with each vial containing 10 pupae. These vials were
incubated at 30°C and 70% RH. Once the adults emerged from these vials, they were sieved out
and separately kept in glass jars containing rearing media at the rearing condition for 10 d. These

10-day old adults were used for this study.

3.3 Grain containers

Two types of grain containers were used: long vertical PVC columns (LVC) (Fig. 2) and
shallow containers (SCs) (Fig. 3). The LVC was the same as used by Tripathi et al. (2021) and
had a 150 mm inner diameter and was 1.2 m long. To count the insect number inside each section
of a LVC, each section was cut halfway along its cross-section at nine places which made 10
sections by inserting nine metal plates in the cut slots. Each section was 90 mm long. During the
experimental period, the slots were sealed with duct tape. Each L\VVC was filled with 14 kg of whole
wheat, before introducing the sexed adults. The shallow containers (SC) were transparent plastic
containers with transparent lids. Holes of 50 mm diameter were drilled onto these lids, and these
holes were covered by one layer of filter paper to ensure the exchange of air between the inside
and outside of each container, while restricting the entry of insects and mites from the outside. The
inner dimension of each SC was 660 mm long, 460 mm wide, and 150 mm high. The shallow
containers were used to study two growth substrates: whole wheat and a mixed diet made of whole
wheat and cracked wheat (19:1 ratio by mass). The containers used to study whole wheat were
filled with 14 kg of whole wheat each and were referred to as SCWs in this study. The containers
used to study the mixed diet were filled with 14 kg of the mixed diet and were referred to as SCCs
in this study. The columns and containers were cleaned and disinfected using soap and hot water

before loading the growth substate. After loading the substrate, a lining of Teflon (Fluon, PTFE-
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30LX Insect barrier) was applied along the top inner walls of the columns (about 10 mm) and

containers (about 10 mm) to prevent insects from escaping.

Fig. 2. Long vertical columns (LVCs) used in the experiment.
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Fig. 3. Shallow containers (SCs) used in the experiment.

3.4 Experimental procedure

The entire experiment was conducted inside an environmental chamber (C1010, CONVIRON,
Winnipeg, Manitoba, Canada) set at 30°C and 70% RH. All the columns and containers filled with
wheat or mixed diet were placed inside the environmental chamber. Once the grain reached 30°C,
three pairs of 10-day old virgin female and male adults were introduced into each column or
container. The LVCs were then closed with a layer of mesh nylon cloth that was secured with
elastic bands. The SCs were covered with their lids. A total of 18 LVCs, 18 SCWs, and 18 SCCs
were prepared. The 18 LVCs were kept vertically, so the insect population dynamics in each
section of the column in a vertical direction could be determined. The surface area of the grain
inside each LVC was 0.0177 m?. The 18 SCWs and 18 SCCs were placed horizontally, and the
grain inside each SC had a surface area of 0.3036 m2. The insect population dynamics in whole
wheat or cracked wheat diet with a larger surface area were determined in these SCs. Insect

numbers inside each LVC or SC were counted every 4 wk. At each counting time, three LVCs,

55



three SCWs, and three SCCs were removed from the environmental chamber. For sampling each
section of LVC, nine semi-circular metallic plates were inserted into the cut slots after the duct
tapes were removed. The wheat from the first section was removed first, and then the next section
was emptied. The process was repeated to empty all ten sections of each LVC. The growth
substrate inside the SCs was removed entirely once. The removed growth substrates from the
LVCs and SCs were sieved with a sieve (#10, 2 mm opening for whole wheat; and #14, 1.4 mm
opening for mixed diet) on a shaker (AS400, Retsch GmbH, Haan, North Rhine-Westphalia,
Germany) for 3 min. The separated adults from the growth substrate were counted using a
laboratory aspirator. The live and dead adult numbers (adults with no movement of legs when
touched) were recorded. The counted adults were discarded, and the growth substrate containing
larvae, pupae, eggs, and dockage were incubated at 30°C and 70% RH for 4 wk. The grains
corresponding to different sections of the LVCs were carefully returned back in their order into
the LVCs, after securing the sampling slots with duct tapes. The adults were counted from LVCs
and SCs after the incubation and were recorded as the offspring at the first sieving time. The
sampling method for the LVCs was the same as for the first sieving time. The experiment was

terminated when the insect numbers inside the last LVC and SC were determined (at 24 wk).

3.5 Data analysis

The adults (live and dead) numbers and offspring numbers were combined and termed as ‘all
insect numbers’. A statistical software (R Core Team 2023) was used for all statistical analysis.
All insect density, live adult density, offspring density and dead adult density (insect number per
kg of grain) were computed. The densities inside each LV C were calculated for the entire column

as well as for each section.
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Kruskal-Wallis test was performed to find if there is any statistically significance difference
between insect densities along the various sections of LV Cs at each storage time. To find whether
the surface area of grain bulk influenced the population dynamics, comparison of insect densities
and adult mortalities between the SCWs and the top section of LVCs and the entire LVC were
conducted using the non-parametric Wilcoxon signed rank test, as the insect densities and
mortality failed the normality test. To find whether the diet material influenced the population
dynamics, comparison between the insect densities and mortality in SCWs and SCCs were done.

All the statistical tests were conducted at 95% confidence level.

The population increase rate for insects (all insects and adults) at a given storage time were

calculated as:

1 L N
All insects’ increase rate = %
t

Where, Nw1and Nt are the all insect number at the current and previous times, respectively. The

same method was used for calculating the adult increase rate.

57



4. RESULTS

4.1 Density and mortality of T. castaneum population in vertical columns

The adults and offspring of T. castaneum showed variations in their density and mortality along
the length of the LV Cs (Fig. 4). The adult densities were always the highest in the topmost sections
across all the storage times, the offspring densities were the highest in the topmost sections in most
of the time, while adult mortality were not (Fig. 4). Results of Kruskal — Wallis test indicated that
there were significant differences (?(9) = 23.72, p <0.01) in adult density at different sections of
the LVCs by the end of 4" week of storage. However, no significant difference was recorded for
adult densities at the other storage times (Table 8). This lack of significance was caused by the
variations among replicates because total insect number in different columns had big difference
(Fig. 5). For example, in 12 wk, the total insect number in the three LVC was 287, 30 and 82,
respectively. Towards the later storage times, adult densities dispersed throughout the lower
sections of LVCs, more offspring were counted in the top sections, and higher mortality was
recorded in the bottom sections. The higher mortality in the bottom sections might explain the
lower live insect numbers in those sections. Despite the higher offspring densities in the topmost
sections in the later weeks of storage, the lack of significant difference might be due to variation

among replicates (Fig. 6).
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Table 8. Comparison of insect densities at different sections of LVVCs and different storage times

Storage time (wk) Adult density (adult/kg) Offspring density (offspring/kg)
x p x p
4 23.72 0.004* 5.83 0.75
8 10.30 0.32 13.11 0.15
12 5.28 0.80 5.83 0.75
16 6.75 0.66 15.65 0.07
20 6.85 0.65 13.96 0.12
24 5.62 0.77 11.46 0.24

Comparison of insect densities between different sections of LVC (Kruskal-Wallis test at o = 0.05 level)
and different storage times. The ¥ and p are ¥ and p values of the Kruskal — Wallis test (N = 3, df = 9),

respectively.
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4.2 Density and mortality of T. castaneum in shallow containers

Insect densities (all adults and offspring) inside the SCCs were higher than inside SCWs for most
of the storage times (Fig. 7, Table Al). It was observed that SCWs had higher adult mortality than
SCCs, except for the initial weeks of storage. These results indicated that T. castaneum multiplies
and develops better in cracked wheat than in whole wheat, and higher mortality in whole wheat

bulk might be one of the reasons for the low insect density.
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Fig. 7. Insect densities (live adults and offspring) and adult mortality in SCWs (Shallow container
filled with wheat) and SCCs (Shallow container filled with mixed diet) at different storage times.

4.3 Effect of diet on population dynamics

No significant difference was observed between all and adult insect densities and mortality
values between T. castaneum reared on whole wheat and modified diet (Table 10). The no-
difference was mainly caused by the no-differences at the beginning and the end of the storage

63



time (Fig. 7). The offspring densities inside the SCWs and SCCs, exhibited significant difference
(Table 9). At the end of the storage time, higher mortality (more than 30%) occurred in the whole
wheat after the insect density reached peak, so the insect density reduced. Therefore, diet

influenced the population dynamics of T. castaneum.

Table 9. Effect of diet and top surface area on the insect densities and mortality of T. castaneum

Comparison?®  All insect density ~ Adult density Offspring density Adult mortality

(insect/kg) (adult/kg) (offspring/kg) (%)

Zb P b Zb P b Zb P b Zb P b
LVC - SCW -2.15 0.03* -1.67 0.09 -2.15 0.03* -1.67 0.09
LVCip -SCW  -0.77 0.44 -0.77 0.43 -0.40 0.68 -1.67  0.09
SCW -SCC -1.86 0.06 -1.23 0.22 -2.15 0.03* -0.77 0.43
LVC - SCC -2.15 0.03* -2.15 0.03* -2.15 0.03* -1.67  0.09
LVCy,—SCC  -2.15 0.03* -2.15 0.03* -2.15 0.03* -2.15  0.03*

a2 Comparison between different treatments by conducting Wilcoxon signed rank tests at o = 0.05 level.
LVC, SCW, SCC and LVCy indicated the insect density inside long vertical columns, shallow container
filled with wheat, shallow container filled with modified diet and top section of the long vertical columns,

respectively, were used in the comparison.

® The z and p are z and p statistic values of the Wilcoxon signed rank test (N = 6), respectively.

4.4 Effect of top surface area on population dynamics

All insect and offspring densities and mortality inside the entire LVCs and SCWs were
significantly different. No significant difference was observed when the insect densities and
mortality values inside top section of LVCs and in the entire SCWs were compared (Table 9).

Insects (adults and offspring) in SCWs attained peak density (16" wk) sooner than in the entire
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LVCs (24" wk) and in the top section of LVCs (20" and 24™ wk, respectively for adult and
offspring density). The top section of LVCs (20" wk) also reached peak adult density sooner than
the entire LVCs (24" wk). The sooner attainment of peak density could imply that a larger surface
area might provide some benefit for insect growth and development because mortality in the

sections with larger area was low before insect density reached peak.

The population increase rate within the entire LVCs and top section of LVVCs was different
from that of SCWs and SCCs (Fig. 8). At 4 wk, insects in the SCCs had significantly higher
increase rate, than any other treatment conditions. This result indicates that the combination of
larger surface area and a modified diet is advantageous for insect multiplication and/ or survival
rate in less than 4 wk. At 8 wk, insects in any containers had the same population increase rate
except that in the SCW, which had a significantly higher increase rate, implying increased surface
area could benefit T. castaneum population, regardless of the diet material. The population in
whole wheat declined at 12 wk, and peaked at 16 wk, and then declined. In the cracked wheat, the
population had three peaks of population increase rate at 4, 12, and 20 wk. The third peak was the
highest than any other periods and treatment (Fig. 8). The substantially high initial increase rate
and highest peak could indicate that cracked wheat with a larger surface area could provide a larger
carrying capacity of insect population than any other treatment, even though there were
fluctuations in the population increase rates for all the treatments (Fig. 8). After 8 wk, all insects
and adults in the LVCs and top section increased with a maximum increase rate (10.23 and 11.58,
respectively) in 12 wk, then declined, followed by another increase (2.06 and 2.64, respectively)
at 20 wk, and then declined. The second peak in the LVC was smaller than that in SCC and SCW.
This result indicated that whole wheat with a small surface area had a smaller carrying capacity of

insect population due to a larger mortality in the bottom sections of the LV Cs. Therefore, whole
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wheat plus cracked wheat in a larger surface container could have a quicker population increase

rate and larger carrying capacity than any other treatments tested in this study.
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Fig. 8. All and adult insects increase rate under different experimental conditions in different
storage times. LVC, LVCtop, SCC and SCW are long vertical columns, top section of the LVC,

shallow container filled with modified diet, and shallow container filled with wheat, respectively.
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5. DISCUSSIONS

5.1 Density distribution of T. castaneum population

The distribution of T. castaneum in a food patch may depend on various factors including
temperature, moisture content, insect density, insect age, insect sex, patch size, patch quality, and
variable goals of patch exploitation (Jian 2019; Campbell and Hagstrum 2002). Individuals of T.
castaneum are reported to have highly clumped distribution at low and medium densities (Jian et
al. 2012). When insect densities became higher, it resulted in overcrowding, which forced insects
to disperse to bottom sections of the LVCs (Fig. 4). The offspring densities were relatively uniform
throughout the different sections of LVCs during the first 12 wk of storage. These results suggested
that adults moved down and laid eggs in the bottom sections. After 12 wk, more adults and
offspring were found in the top sections, adult mortality was also higher in the bottom sections
(Fig. 4). Therefore, higher mortality in the bottom sections of the vertical columns with small
surface area might be one of the main reasons for the higher insect number at the top sections of
the vertical columns. Researchers suggested that T. castaneum preferred and were most likely to
be found in the surface of wheat bulk, due to the barrier effect of the smaller intergranular spaces
in wheat bulk (Jian et al. 2005, 2012; Ogden 1970). Other reasons for the lower densities could be
lower oviposition (Halliday et al. 2019; Sonleitner and Gutherie 1991) and higher cannibalism by
the active life stages (adults and larvae) (Young 1970; Lloyd and Park 1962). Though low
oviposition and higher cannibalism should be similar in both top and bottom sections of the vertical
columns. Therefore, the preference of the top sections plus higher mortality in the deep grain might

result in the top clumped distribution in grain bins.
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5.2 Effect of diet on the population dynamics

The adequacy of a diet at behavioral, digestive, and metabolic levels is determined by the
differences in intake, digestibility and efficiency of conversion of food to body substance
(Waldbauer and Bhattacharya 1973). Cracked wheat has the inherent advantage of exposed germ
portion, and germ portion is regarded extremely suitable for Tribolium spp. The consumption of
germ in the cracked wheat further ensures low food intake and high overall efficiency owing to
the high digestibility and efficient utilization of the digested portion (Waldbauer and Bhattacharya
1973). Further, cracked wheat is easier to consume and therefore insects expend less energy and
time, thus thrive longer (White and Bell 1993). Conversely, secondary insects reared in undamaged
whole grain kernels have reduced fecundity, lower survival, and delayed development times.
Previous studies have reported that whole grains produce less number of pupae compared to
cracked wheat and flour (Ahmad et al. 2012). These facts are supported by the results in this study
which showed a higher insect number in the cracked wheat than that in whole wheat before peak
density was reached (Fig. 5). During the entire storage time, except for the first 4 wk, higher
mortality in whole wheat than in cracked wheat was recorded (Fig. 5). The higher mortality on
whole wheat could be due to the difficulty in feeding and extracting nutrients, due to the harder
outer layer of wheat kernels. The difficulty in consumption might result in difficulty in the
maintenance of life of beetles after eclosion (Sokoloff et al. 1966), which could be a reason for
high mortality. On attaining the peak density, the mortality was approximately 30% in the SCWs
as against 5% in the SCCs, and therefore higher mortality might be the main reason for lower
insect densities inside the SCWs. Apart from higher mortality, the effects of crowding (Peters and

Barbosa 1977), cannibalism of immatures by adults (Li and Arbogast 1991), reduction in overall
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lifespan (Spratt 1980), diet depletion (Arthur et al. 2019b), and overall weight loss of insects (Assie

et al. 2008) might also contribute to the reduction in insect densities.

5.3 Effect of top surface area on the population dynamics

Researchers in the past, have reported growth medium in larger shallow surfaces had a
significantly greater number of T. castaneum adults than that in small surface deep orientation
(Garcia et al. 1990). They concluded that the surface area of the growth medium has strong effect
on the productivity of T. castaneum. Many adult interactions take place particularly in the surface
of the medium (Sonleitner 1961), and greater surface area could imply relative ease of finding
mating partners and resources. Increased surface area could be seen as more efficient utilization
of available resources (Wool and Mendlinger 1981). The results of our study confirmed those
conclusions because LVCs, characterized by smaller surface area, had a smaller carrying capacity
of insect population due to their higher mortality. The SCWs characterized by higher surface area
had the highest population increase rate at 8 wk, than any other treatments. Further, SCCs
characterized with a larger surface area and cracked wheat diet, had a significantly higher increase
rate at 4 wk and had its third population peak density significantly higher than any other treatments,
indicating larger carrying capacity. The combination of benefits associated with the cracked wheat
(ease of consumption, high digestibility, efficient utilization of digested portion and high overall
efficiency), and the larger surface area (relative ease of finding partners and resources), might have
favoured the multiplication of T. castaneum, thus resulting in quicker population increase rate and

higher carrying capacity in the SCCs.
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6. CONCLUSIONS

This study has led to the following conclusions:

1. Adults and offspring concentrated in the top section of the vertical columns, due to
the higher mortality in the lower sections of the columns.

2. Tribolium castaneum multiply and develop better in cracked wheat than in whole
wheat, and higher mortality in whole wheat bulk might be one of the reasons of the
low insect density.

3. Whole wheat plus cracked wheat in a larger surface container had a quicker
population increase rate and larger carrying capacity than any other treatments
tested in this study.

4. Preference for top grain plus higher mortality in the deep grain might result in the

top clumped distribution in grain bins for T. castaneum.
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APPENDIX

Table A110. Insect density (all, adult, and offspring) and adult mortality (%) in experimental
containers at 30°C and 70% RH

Storage  Experimental All insect Adult Offspring Adult mortality

period container* density density density (%)

(wk)

4 LVC 0.78+0.20 050+ 008 023+0.14 9.72 + 5.00

4 SCW 385+161 0.76+027 3.00 + 1.67 6.06 +6.06

4 SCC 44.42 + 554 10.80 + 0.99 31.85+ 386  12.76 + 4.87

8 LVC 092+039 057+028 0.16 + 0.06 29.52 + 5.79

8 SCW 30.02 + 421 28.80+459 050+ 0.20 2.69 + 0.94

8 ScC 65.07 + 19.50 + 850 45.38 + 31.87 0.64 + 0.37
39.87

12 LVC 950 +560 8.88+547 0.19 +0.15 9.44 + 4.30

12 SCW 2438 + 6.79 23.64 + 654 0.26 + 0.19 2.10 + 0.25

12 SCC 206.45 + 271.26 + 19.95 + 615  2.10 + 0.38
94.32 88.11

16 LVC 8.07+293 5095+249  0.23 + 0.06 27.05 + 4.13

16 SCW 185.52 + 175.59 + 5.92 + 5.39 2.39 + 0.53
158.59 149.80

16 SCC 161.09 + 147.69 + 10.66 + 450  2.33 + 0.61
65.35 62.53

20 LVC 16.64 + 15.09 + 9.40  0.40 + 0.04 12.18 + 5.44
10.03

20 SCW 115.02 + 101.50 + 2.83 + 0.31 14.16 + 5.02
61.04 59.25

20 SCC 2251.09 +  1252.72 + 863.16 + 10.93 +0.89
1728.80 865.32 780.50

24 LVC 23+10.96  16.30 + 2.07 + 0.82 29.03 + 11.80

10.09

24 SCW 2507 +577 15.07 +1.83 357 +221 28.17 + 5.44

24 SCC 24530 + 19411 + 39.66 + 20.08 6.53 + 1.59
107.38 82.84
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*LVC, SCW and SCC indicate Long vertical columns, Shallow container — wheat and Shallow
container — modified diet, respectively.
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